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SUMMARY 

This  program  was  designed  to  study  the  influence  of  chemical  and  physical  environmental 
factor*  upon  the  intensit)  .  efficiency  and  lifetimes  of  rare  eorth  phosphorescence  in  liquid 
s/stems.  The  objective  was  the  development  of  criteria  for  the  selection  of  optimum 
coordinating  ligands,  counter  ions  and  solvents  for  rare  eO'ths  so  that  useful  and  efficient 
high  power  solutiort  losers  cculd  be  developed.  The  ultimate  gool  of  this  reseorch  was 
the  development  of  a  candidate  liquid  thot  could  be  used  In  o  circulating  laser  system. 

As  shown  in  the  following  sections  a  large  number  of  tore  earth  coordination  compounds 
were  synthesized  and  studied  both  in  the  solid  state  and  in  solution.  A  considerable  amount 
of  information  relating  fluorescence  to  chemical  structure  and  environment  was  accumu¬ 
lated.  These  results  led  us,  in  ths  fitwl  phase  of  the  program,  to  demonstrations  of 

lasing  In  solutions  of  neodymium  (III)  in  the  solvent  mixture  phosphorus  oxychloride- 
tin  tetrachloride. 

From  our  earlier  work  during  this  program  it  was  concluded  that  several  environmental  factors 
were  important  in  influencing  rare  eorth  fluorescence. 

1.  Light  atoms  such  os  hydrogen  and  deuterium  which  would  contribute  to 
high-energy  vibrational  frequencies  must  be  removed  from  the  immed'Ote 
ligand  field  surrounding  the  rore  eorth  Ion. 

2.  Vibrotionol  frequencies  in  the  ligand  or  coordinating  solvent  should  closely 
rnolch  the  energy  gcps  between  the  initiolly  excited  optically  pumped  'eve! 
and  the  emitting  level  in  order  to  efficiently  oopulote  thot  level  by  a  cQsr;ade 
process.  These  some  vibrational  frequencies,  however,  must  be  sufficiently 
different  frrjm  the  frequency  of  losing  rodiotlon  so  os  not  to  promote  non- 
radiative  transitions  from  the  emitting  level. 

3.  The  solvent  must  he  tronspatent  in  the  optical  regions  ovoilable  for  direct 
pumping  of  the  rare  earth  and  In  the  optical  region  of  the  phosphorescence 
wavelengths  of  the  rOie  earth.  Also,  the  solvent  con  ploy  on  Importont  role 
in  enhauc..ig  the  obsorption  bonds  of  the  rore  eorth  ion. 
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4.  The  tolvent  must  possess  a  sufficiently  high  dielectric  constont  in  order 
to  dissolve  the  ionic  rore  earth  coordination  complexes .  A  wide  liquid 
rcnge^  low  vopo'"  oressure  ond  o  low  viscosity  i?  requirerl  to  ennl^I*  o 
loser  to  be  opeiated  without  undue  restrictions  such  os  heating  or  cooling. 

Of  the  severol  organic  and  inorganic  solvents  that  were  investigated,  those  In  which  v 
phosphorus -oxygen  linkage  was  coordinated  to  the  rare  earth  appeared  most  promising. 

A  significant  enhancement  in  europium  phosphorescence  was  observed  when  europium 
salts  were  dissolved  in  triethyl  phosphate,  tributyl  phosphate  ana  hexamethyiphosphoramide. 
In  addit  on,  o  variation  in  selectivity  of  particulor  emission  bands  wos  observed;  this 
selectivity  depended  on  the  structure  end  symmetry  of  the  ligand  field.  Of  the  P-O 
containing  ligards  which  w'ere  investigated,  phosphorus  oxychloride  was  or  particular 
interest  because  the  phosphorescent  spectrum  of  the  solid  complex  EuC.I^'XPOCl^  consisted 
almost  entirely  of  the  Because  of  this  selectivity  and  the  absence  of 

hydrogen  atoms  which  would  contribute  to  high-energy  vibrational  frequencies,  phosphorus 
oxychloride  was  one  of  the  first  solvents  chosen  for  a  limited  attempt  to  demonstrote  lasing. 

Neodymium  was  the  rare  earth  of  choice  because  of  certain  energy  considerations  and 
becouse  it  is  one  of  the  best  performing  laser  active  rare  earth  ions.  Information  was 
already  avalloble  on  the  somewhat  similar  selenium  oxychloride  laser  The  moximum 
fur'dcmentol  vibrational  frequency  in  phosphorus  oxychloride  is  at  1285  cm”*  (assigned 
!o  the  P-O  stretch)  which  is  considerably  smaller  than  that  for  the  lasing  transition  from 
the  *^2/2  1  1/2  ■  about  9400  cm”'  and  also  for  the  smallest  energy 

transition  from  the  *^2/2  ^^3/2  ^  ^^5/2  -"'500  cm~*.  Non -rodiot  ve 

transfer  of  energy  from  the  *^2/2  emitting  level  should  be  minimi  zed. 

We  consider  it  useful  lO  summarize  the  properties  of  the  ne&Jy.i.Iun.  (Ill)  POCI^'SnCI^ 
system.  Although  neodymium  oxide  Is  not  appreciably  soluble  in  phosphorus  oxychloride, 
addition  of  SnCI,j  biings  the  oxide  i^to  solutiorr.  Dilute  solutions  of  Nd^''"  up  to  1 .2  ^ 

Nd  by  weight  were  easily  prepared  in  the  solvent  mixture  POCl2”SnCI^  using  conventionol 
laboratory  procedures  and  taking  only  ordinory  cor'  to  prevent  contamination  by 
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atmospheric  moisture.  These  solutions  are  very  .  oiie  and  hove  a  viscosity  about  that 
of  v^atei  {1  cp)  at  room  temperature.  Tlie  1.06^  neodymium  phosphorescence  from  the 
solution  is  ver^'  intense  (figure  5)  and  the  visible  obsciption  spectrum  (Figure  6;  is 
similar  to  that  expected  for  a  neodymium  containing  suiution.  Lasing  in  this  - 

POCl^'^'^Cl^  solution  was  first  demonstrated  in  a  quartz  cell  having  o  12  mm  bore  and 
12.5  cm  path  length  with  plarte  porallel  si!>cQ  plotes  on  the  ends.  The  cell  was  designed 
to  occupy  the  same  volume  in  o  comorercial  Koiad  laser  head  that  was  normally  occupied 
by  a  ruby  rod.  External  flat  mirrors,  one  with  a  90  ^  reflective  cooting  ond  the  Other 
wi  o  totally  "^eflecting  dielectric  cooting  completed  the  covity.  Pulsed  excitotion  was 
accomplished  through  an  unfiltered  Korad  helical  air-cooled  xenon  flash  lamp.  Random 
spiking  with  very  lorge  intensity  Increase  over  the  fluorescence  level  at  1.06|U  ond 
ringing  effects  are  illustrated  in  figures  7-11.  Toi  a  1 .2  by  weigf't  solution  of  Nd-’* 
in  POCI.^-SnCI^  (0,15  N  in  Nd^'*')  the  input  threshold  was  found  to  be  1300  J.  This 
compoies  with  a  value  of  IKXf  J  fora  four  inch  long,  3/8"  diameter^5 neodymium- 
doped  glass  rod  in  the  same  cavity.  Lower  thresholds  could  probably  be  obtoined  with  o 
better  designed  cavity.  The  solution  is  quite  stoble  in  o  closed  system  and  does  not  exhibit 
any  visual  decomposition  phenomenon,  further  work  must  be  carried  out  on  optimization 
of  its  lasing  properties,  particularly  with  respect  to  on  rjptimum  neodymium  concent  rot  Ion 
and  ratio  of  phosphorus  to  tin  as  well  as  circulation  of  the  medio. 
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I.  INTRODUCTU''N 


The  fluorescence,  phosphorescence  and  absorption  characteristics  of  rare  earth  ions  in 
solution  ore  of  great  interest  in  the  development  of  liquid  laser  systems.  The  cliosen  liquids 
serve  not  only  as  mobile  media  to  dissolve  the  metal  salt  but  also  to  precisely  control  the 
Immediate  chemical  environments  around  each  tare  earth  ion  and  thereby  favorably  influence 
phosphorescence  and  other  properties  relevant  to  loser  activity.  The  objective  of  the  work 
reported  herein  was  to  develop  criteria  for  the  selection  of  optimum  tare  earth  solutes  and 
solvents  so  that  useful  and  efficient  high-power  circulating  liquid  lasers  could  be  developed. 
Most  laser  media  are  gaseous  or  solid  and  a  considerable  research  effort  has  already 
resulted  in  improved  performance  and  high  power  from  such  losers.  However,  comparrtively 
little  effort  has  been  expended  in  the  use  of  a  liquid  as  the  active  medium  for  a  laser. 

Solid  lasers  have  several  deficiencies  that  could  be  overcome  by  the  use  of  liquid  systems. 

A  high  degree  of  optical  perfection  is  difficult  to  attain  in  crystals  and  glosses.  These 
often  contain  imperfections  as  a  result  of  the  fabricating  process.  Liquids  ore  not  subject 
to  Such  defects.  Although  liquids  do  hove  significant  changes  in  the  index  of  refraction 
witli  changes  in  temperature,  this  defect  could  be  minimized  by  circulation.  High  power 
solid  lasers  tend  to  craze  ond  crack,  a  problem  thot  would  not  be  encountered  with  a  liquid 
system  since  liquids  tend  to  be  self-beal  ng.  In  addition,  the  cost  of  on  opticolly  perfect 
rod  is  quite  high  whereas  the  cost  of  chemicals  for  a  liquid  system  would  be  low. 


At  i':e  ......  Ihis  progrnm  wos  Initiated,  only  tetrakis  ewi^pium,(lll)  B-diketonate  type 

chelates  hod  been  shown  to  be  capable  of  loser  octlon  in  acetonitrile  or  methanol -ethanol 
solutions.  Direct  excitation  of  europium  (111)  hod  previously  been  shown  to  be  quite 

difficult  because  the  absorption  bands  in  this  Ion  ore  weak.  The  function  of  the  ligand 
in  the  chelate  is  1o  absorb  a  large  amount  of  the  pump  flux  and  efficiently  transfer  the 
energy  to  the  europium  (III)  electronic  system  which  then  phosphoresces  In  its  characteristic 
bands.  However,  the  absorption  of  the  chelate  Is  so  intense  thot  the  exciting  radiation 
is  absorbed  within  a  few  tenths  of  o  millimeter  after  entering  the  solution.  Therefore, 
only  o  sm.oil  amount  of  the  material  in  a  laser  cavity  might  be  involved  in  laser  action. 
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As  a  result,  power  and  energy  outp.'ts  ore  lower  than  those  of  conventional  solid  stote 

lasers.  Since  this  initial  work,  several  other  reports  of  rare  earth  chelate  loser  systems 

in  which  the  ligand  is  Involved  in  on  energy  transfer  process  hove  appeared  Biorklund 

and  co-workers  obtained  laser  action  from  terbium  tris(1, 1,1 -trifluoroacetylocetonate) 

(8) 

at  room  temperature  In  acetonitrile  and  in  dioxone.  These  workers  also  reported  the 
successful  lasing  of  several  other  eurooiumflll)  chelate  systems.  Schimitscnek  and 
co-workers  Studied  the  design  of  circulating  loser  systems  using  dimethylommonium  salts 
of  tetrakis  europium-ortho-chlorobenzoyltrifluoroocetonale  dissolved  In  acetonitrile. 
However,  all  these  systems  suffer  the  same  deficiency  as  the  first  reported  chelate  systems 
-  nomely,  that  too  much  of  the  pumping  light  is  absorbed  by  the  outer  surfaces  of  the 
liquid  when  contained  in  a  laser  cavity.  In  order  to  alleviate  this  difficulty,  efforts  in  this 
laboratory  hove  concentrated  on  the  development  of  rare  earth  containing  liquids  in  which 
the  rare  earth  ion  is  excited  directly. 


During  the  course  of  this  investigation,  Heller  reported  o  neodymium  system  based  on  the 

(5) 

solvent  selenium  oxychloride-tin  tetrachloride.  This  system  suffers  from  several 

deficiencies  that  are  overcome  by  the  phosphorus  oxychloride  system  developed  on  this 

program.  Considerable  care  must  be  taken  In  preparation  of  the  selenium  contolning 

solutions  due  to  the  highly  tovir  noti.re  of  that  element.  Risk  is  also  present  in  octuol 

laser  operation  because  of  the  possibility  of  breakage  of  the  cell.  In  odditio.i,  best  loser 

action  in  the  SeOCIo-SnCi,  system  is  obiulned  only  with  high  corrceritrorinns  of  SnCI  .. 

2  4'  / 

However,  o  corresponding  increose  in  viscosity  also  results  from  high  SnCI^  concentrations 
and  this  leads  to  proctirsol  problems  in  the  operation  of  o  clr'-i'loting  liquid  loser.  Heller 
also  reported  the  development  of  a  neodymium  loser  using  dimethylsuir.  xide  os  the  solvent 
and  in  which  excitotion  is  through  the  levels  of  neodymium  (111).  The  laser  active  species 
is  the  o-phenanthroline  odduct  of  neodymium  pentafluoropropionate  with  at  least  one 
molecule  of  aimethy Isulfoxide  in  the  solvation  shell.  The  large  anion  o-phenonthrollne 
was  used  os  the  coordinating  llgondto  minimize  the  self-quenching  effect  of  neodymium. 
Although  this  loser  solution  does  offer  some  odvantoges  over  chelate  svstems,  it  hos  o  limited 
shelf-life,  presumably  becouse  of  solvolysis  of  the  adduct,  and  suffers  from  photodecomposition 
of  dimethy isulfoxide  by  ultraviolet  radiation  (from  the  pumping  source). 
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ii.  DiSCuSSi'Cf'l 

A.  THE  NEODYMIUM  111 -PHOSPHORUS  OXYCHLORIDE -TIN  TETRACHLORIDE  LASER 

The  appiocch  used  for  ihis  study  of  liquid  loser  parQmete''s  was  to  determine  the  influence 
of  ciiemical  and  physical  envircnmentol  factois  upon  the  intensity,  efficiency,  and  life¬ 
time  of  rare  earth  phosphorescence  in  liquid  systems  so  thot  the  most  promising  combinations 
of  coordinating  ligonds,  counter  ions  and  solvents  could  be  selected  and  evaluoted  in  a 
laser  cavity,  in  this  regard,  we  hove  found  that  complex  formotion  between  different  rare- 
earths  and  various  O  bgonds  results  in  a  significant  enhancement  and  selectivity 

of  certain  phosphorescent  emlssiors.  These  ligands  include  t nethy Iphosphate,  tributyl- 
phosphate,  hexomethylphosphoromide  and  phosphorus  oxychlor’de.  In  eoch  of  these  complexes 
the  rare  eorth  Ion  is  probably  surrounded  by  three  Cl”  ions  ond  three  O"  PX^  ligonds  So 
that  the  primary  vibrational  Interaction  involves  the  P=0  stretching  frequency  at  obout 
1285  cm"'.  For  Eu"*^  (Figure  1)  this  vibrational  quantum  Is  not  sufficiently  energetic  to 
interact  effectively  with  the  emitting  level  since  the  smallest  gap  between  ond 
even  ^F^  is  much  greater  (about  12,000  cm"’)  than  the  P-O  vibrotional  quantum.  A 
similar  sifutation  exists  in  Nd'^^  where  the  losing  tronsition  (^F^  ^  ^  9^30  cm"' 

ond  the  lowest  energy  transition  from  the  lasing  emitting  level  is  the  '*^3/2"'  **)5/2 
at  5500  cm-'.  In  addition,  the  energy  gaps  between  some  of  the  Initially  excited  levels 
and  the  I  asing  emitting  level  are  about  the  same  energy  as  the  P-O  vibration  -  1080  cm"’, 

800  cm"'  and  1200  cm"'  (see  Figure  1).  This  would  enable  the  emitting  level  to  be 
populoted  by  a  cascade  process  as  the  upper  levels  could  be  depopulated  by  nonrodlative 
interaction  with  the  P-O  vibrational  frequency.  For  these  reosons,  neodymium  was  the 
rare  earth  ion  of  choice  for  lasing  experiments. 

Phosphorus  oxychloride  was  the  first  solvent  chosen  for  losing  studies  of  neodymium.  The 
absorption  spectrum  for  POCI^  was  recorded  in  this  laboratory  from  POO  to  3500  nm  and 
found  to  be  free  of  absorption  bands  between  500  and  2800  nm  (Figure  2).  The  spectrum 
does  contain  a  broor^  absorption  between  2800  and  3500  nm  choracteristic  of  hydrogen 
bonded  OH  groups  as  an  Impurity  and  on  increosingly  broad  absorption  below  500  nm. 
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Phosphorus  oxychloride  would  not  interfere  with  direct  neodymium  pumping  since  30  ^ 
of  the  pumping  is  provided  by  levels  in  the  near  infrared,  about  50 by  the  strong 
absorptions  in  the  yellow  and  about  20'^  by  the  levels  in  tlit,  near  ultraviolet. 

Also,  the  solvent  would  not  interfere  with  the  Nd*^  losing  emission  at  1056  nm.  Ionic 
neodymium  compounds  should  exhibit  some  solubility  in  POCI^  because  of  the  moderate 
dielectric  constant  of  this  solvent,  13.9.  The  low  viscosity  of  POCI^  (1-065  co  at  25°  C) 
suggested  that  a  solution  of  neodymium  in  this  solvent  would  be  o  promising  system  for  a 
circulating  liquid  laser.  The  liquid  range  for  PCCI.^  ct  otrnospheric  pressure  is  1.25  to 
105.8°  C  and  would  enable  a  laser  to  be  operated  under  conventional  conditions. 

Initial  work  showed  that  the  solubility  of  neodymium  oxide  in  phosphorus  oxychloride  was 
negligible.  This  problem  was  similar  to  that  encountered  by  Heller  in  the  selenium 
oxychloride  system.  He  reported  thol  neodymium  oxide  dissolved  only  to  a  limited 
e  ent  in  selenium  oxycirloride  although  that  solvent  has  o  high  dielectric  constant^  46.2. 
The  solubility  of  neodymium  oxide  In  selenium  oxychloride  increased  when  aprotic  acids 
such  as  tin  tetrachloride  and  antimony  pentachloride  were  added.  Heller  postulated  that 

4  ~ 

SnCI^  reacts  with  SeOCl2  fo  form  (SeOCI  )2  SnCI^^”  and  ihot  the  following  reociior; 
took  place  to  dissolve  t'  .-  oxide. 


(13) 


Nd.O„  +  6SeOCI 


^  3SeOCI, 


*  2Nd^'^ -r3SeOCL  3SeO, 


Taking  the  same  approach,  we  found  thot  the  addition  of  ^nCl^  to  mixtures  of  POCl^ 
and  Nd^O^  significantly  increased  the  solubility  of  neodymium  oxide.  The  absorption 
spectrum  of  tin  tetrachloride  was  recorded  between  300  ond  3500  nm  (Figure  3)  and 
was  found  to  be  free  of  absorption  bands  between  500  ond  2600  nm.  Bonds  at  *^750  and 
2820  nm  are  characteristic  of  free  OH  groups  of  on  impurity.  An  Incrcas.  '.g  broad 
absor|>tion  is  also  present  in  the  spectrum  of  this  tTratcriol  below  500  nm.  Phosphorus 
oxychloride  and  tin  tetrachloride  react  to  give  a  2:1  odduct  which  is  soluble  in 

POCI^  ■  The  absorption  spectrum  of  such  a  solution  was  measured  between  300  and 
3500  nm  (Figure  4)  and  was  identical  to  the  spectrum  of  POCI^"  fbe  peaks  for  the  OH 
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impurity  in  SnCI^  at  2750  and  2820  nm  may  be  mocked  by  the  broader  absorption  due  to 
POCI^  in  this  region. 

In  a  typicol  pteponotion  of  a  losing  solution,  a  mixture  of  neodymium  oxide,  phosphorus 
oxychloride  end  tin  tetrachloride  was  refluxed  for  24  hours.  After  this  period,  the 
mixture  was  cooled  to  room  temperature  and  filtered  under  nitrogen  pressure  to  remove 
undissolved  neodymium  oxide,  undissolved  2:1  phosphorus  oxychloride  -  tin  tetrachloride 
adduct  and  any  other  reaction  by-product.  No  attempt  was  'trade  to  dry  the  starting 
materials  or  to  eliminate  contact  with  atmospheric  moisture.  Transfers  '■f  tin  tetrachloride 
and  phosphorus  oxychloride  were  carried  out  quickly  in  laboratory  atmospheres.  In  this 
manner,  a  clear,  pink  solution  of  neodymium  was  obtained  which  was  stable  (no  cloudiness 
developing)  over  the  time  periods  -  several  months  -  during  which  they  were  stored.  The 
concentration  of  Nd*^  wos  0.15Mand  ..as  determined  using  a  new  combined  hydrolytic 
and  spect romet ric  technique,  (The  details  of  this  technique  are  given  in  the  Appe.rdix). 

The  freezing  point  of  the  solution  varied  as  a  function  of  the  SnCI^  content  but  exoct 
relationships  have  not  been  determined.  No  crystollizatlon  occurs  when  the  0,15M  lasing 
solution  is  cooled  to  0'^  C  for  one  our. 

The  phosphorescent  emission  spectrum  for  this  solution  before  lasing  was  recorded  in  the 
830-1 130  nm  regiori  with  an  Amico-Bowman  Spectrophotofluorimeter  at  an  excitation 
wavelength  of  5B0  nm  (Figure  5).  The  ratio  of  peak  areas  of  the  1056  nm  to  89''  nm 
bands  is  3:1.  It  would  be  i.iteresting  to  obtarn  comparable  ooto  under  idenricai  instrumetiiui 
conditions  with  other  neodymium  systems.  Tlie  absorption  spectrum  in  the  450-1000  nm 
region  was  recorded  on  a  Beckman  DK2a  Spectrophotometer  and  the  spectrum  is  shown 
in  Figure  6.  A  sharp  series  of  absorption  pecks  ore  present  and  the  spectrum  is  quite 
similar  to  that  reported  by  Heller  for  a  solution  of  Nd^^  in  SnCI^-SeOCl,j.  An 
increasing  broad  absorption  with  decreosing  wavelength  due  to  the  POCI^-SnCI^  solvent 
mixture  is  apparent  at  ‘he  lower  wavelengths. 
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Lasing  in  this  Nd'^  ~  POCI,j-SnCI^  solution  was  demonstrated  in  a  quat+z  cell  having  a 
1.2  Cm  bore  and  12.5  cm  poth  length  with  plane-panaliel  silico  plotes  cemented  on  the 
ends.  The  ceil  was  designed  *o  occupy  the  same  position  in  a  commercial  loser  head 
that  was  normolly  occupied  by  a  ruby  rod.  External  quartz  flat  mirrors,  one  with  a  90  ^ 
reflective  coating  at  I.O61X  and  the  r  'her  with  a  totally  reflecting  dielectric  coating, 
completed  the  laser  cavity.  Excitation  was  accomplished  with  unfiitered  light  fiom  a 
helical  air-cooled  xenon  flash  lamp.  The  output  from  the  cell  was  detected  with  o  RCA 
925  vacuum  photodiode  biased  at  250  volts.  The  cathode  was  connected  to  ground  through 
a  47  ohm  load  resistor.  The  signal  was  taken  out  across  the  47  ohm  resist  r  and  fed  'ntc 
a  Type  O  plug-in  (max  sens.  -  1  mv)  in  a  Type  545  Tektronix  oscilloscope.  A  setting 
of  200  mv/cm  on  the  vertical  and  lOOu  sec/ctn  on  the  time  base  usually  was  able  to 
contain  the  output  pulse.  Stray  visible  and  UV  emission  of  the  pump  light  was  prevented 
from  reaching  the  detector  by  toping  a  1.06/i  inteference  filter  across  the  detector 
aperture.  The  input  threshold  for  the  system  was  determined  by  filing  the  laser  a  number 
of  times  in  succession  and  decreasing  the  Input  voltage  each  time.  The  repetition  rote 
"OS  standardized  at  60  minutes  to  assure  that  the  solution  equilibrated  to  room  temperature 
between  flashes.  The  setting  at  which  spiking  disappeored  was  taken  os  the  approximate 
input  threshold.  For  the  1.2  4  by  weight  solution  of  Nd"^  in  a  POCI^'SnCI^  mixtuie 
(0.15N  in  Nd"^)  the  input  threshold  was  found  to  be  13(X)  joules.  This  compared  with  a 
vaiue  of  HOC  joules  for  a  4"  x  3/8“  diameter,  5  4  nendymlum  oxide-doped  glass  rod 
ir  ’>e  same  cavity.  The  pulse  duration  was  shorter  for  the  liquid  system  than  for  the 
g  rod  (0.5  msec  versus  1.5  msec).  Just  obove  the  threshold,  incipient  spiking  begins 
as  i-un  be  seen  In  Figure  7.  Increasing  the  pumping  power  to  5000  joules  with  this  solution 
produr ’d  the  los'ng  output  shown  in  Figure  8.  Figures  9,  10,  and  1  1  exhibit  a  regular 
"rinoing"  type  of  oscillatory  1.06u  output  whose  intensity  fluctuated  with  o  period  of 
2iJ5"c.  Some  preliminary  measurements  have  been  made  on  the  degree  of  collimotion 
of  the  output  losing  beam.  When  the  horizontal  tubular  quartz  cel!  was  half  filled  with 
the  lasing  solution,  leaving  a  dry  oir  bubble  filling  the  top  half  of  the  cell  length, 
the  output  beam  retained  the  pattern  of  the  liquid  volume  cross  section  for  a  long  distance 
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beyorrl  tlie  exit  end  <.f  tlie  cel!.  Figure  12,  which  is  o  ph&togroph  of  the  orange  spot 
on  an  Eostmon  Ik  Card  intercepting  the  1 .06  U  beam  at  120  cm  from  the  cell,  shows  that 
tl’.e  semi-circular  pattern  of  the  beam  cross  section  still  matclies  ‘‘  e  shape  of  the  exit 
apertute  of  the  lasing  liquid.  A  solution  was  flashed  20  times  in  a  preliminary  study  of 
the  effect  of  flash  input  on  physical  pioperlies,  A  slight  Increase  in  threshold  was  noted 
but  this  might  be  attributable  to  decoy  of  other  parts  of  the  electronic  and  optical  system. 
T;iu  'y  change  in  the  appearance  of  the  lasing  solution  was  a  slight  darkening;  there 
was  no  evidence  of  the  formation  of  precipitote  or  cloudiness. 


(16) 


The  absorption  spectrum  of  the  losing  solution  in  'he  300-3500  nm  range  was  recorded 
after  losing  several  times;  the  only  change  noted  wos  a  slight  increase  in  background 
absorption.  It  has  been  reported  that  the  presence  of  hydroxyl  groups  In  the  Nd^"*  - 
SeOCIj  “  SnCI^  system  decreases  the  phosphorescence  decoy  time  from  the  losing  level 
Solutions  prepared  from  anhydrous  reagents  had  o  longer  phosphorescence  t^ecay  time 
and  superior  loser  action.  The  lasing  experiments  described  above  Itt  the  POCI^  system 
were  conducted  with  solutions  prepared  with  reogents  that  hod  not  been  purified.  The 
use  of  anhydrous  reagents  for  the  preparation  of  lasing  solutions  in  this  system  would 
probably  improve  the  lasing  characteristics. 

B.  EFFEO  OF  CHEMICAL  ENVIRONMENT  ON  PHOSPHORESCENCE 

1.  Comparison  of  Phosphorescent  Output  of  Rare  Earths  in  H2O  Versus  D2O 

Kropp  and  Windsor  have  reported  that  substitution  of  D2O  for  H2O  will  enhonce  the 
phosphorescence  of  some  rare  earth  solutions  ond  this  hos  been  attributed  to  the  decreose 
In  the  vibrationol  energy  of  O-D  relative  to  O-Fi.  In  this  regard  we  examined 

the  phosphorescence  of  EuCl^j  ^  room  temperoture 

in  ord^t  to  determine  the  enhancement  effects  of  deuteration  upon  the  principle  emission 
bands  o‘  these  ions.  The  energy  level  diagioms  for  these  rare  eorths  are  found  In  f^igure  1. 


a.  EuC'3 

The  Eu(!ll)  phosphorescence  is  especially  interesting  since  there  are  two  excited  stares 
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ENERGY  LEVEL  DIAGRAM  FOR  TRIVAl  NT  Nd,  Eu  and  Tb 
SHOWING  MAJOR  PHOSPHORESCENT  TRANSITIONS 


FIGURE  1 
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ABSORPTION  SftaRUM  Of  PHOSPw"'^'S  OXYCHLOR|0€ 
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PHOSPHORESCENCE  SPEQRUf/  OF  A  SOLUTION  OF  Nd-O-  (0.075M)  IN  THE  SOLVENT  SYSTEM  POCU-SnCi 


ABSORPTION  SPEaRUM  OF  A  SOLUTION  OF  Nd^O^  (0.075Molar)  IN  THE  SOLVENT  SYSTEM  FOCl3-SnCI^ 


FIGURE  6 


RANDOM  SPIKING  AT  1060  nm,  380  PERCENT 
ABOVE  THRESHOLD 

INPUT;  5000J,  100  MICROSECONDS  ^cm 


FIGURE  8 
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Nd  n.  -  POCL  -  SnC! . 

J  J  j  ^ 

LIMIT  CYCLE  BEHAVIOR  AT  1060  nm 
INPUT;  3000j,  100  MICROSECONDS/cm 


FIGURE  9 
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Nd203  -POCI3  -SnCI^ 

LIMIT  cycle  behavior  AT  1060  nm 
INPUT:  5000 J,  50  MICROS  ECO  NDS/cm 


FIGURE  10 


LIMIT  CYCLE  BEHAVIOR  AT  1060  nm, 
EXPANDED  TIME  SCALE 
INPLTT:  5000J,  5  MICROSECONDS/cm 


FIGURE  11 


DIREa  PHOTOGRAPH  OF  THE  LASER  BEAM 
SHOWING  BEAM  COLLIMAT ION 

figure  1? 


Polaroid  photograph  of  the  orange  spot  on  on 
Eastman  Koduk  IR  Cord  irifercepling  the  lasing 
from  0.075M  Nd203  solution  filling  only  the 
bottom  half  of  the  tuboloi  horizontal  quartz 
cell,  with  5000  joules  pump  input.  The  Polaroid 
film  wos  placed  against  the  !.  R.  Card  which  was 
situtated  120  cm  from  the  output  end  of  tiie  cell. 
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front!  whicli  delectable  emissions  con  take  place,  namely  ''u^  Ond  .  R  -sults  of  this 

work  are  showed  in  Table  1.  The  phosphorescence  of  EuCI^  •  bH^O  in  H^O  consists 

of  three  boiids  ot  555  nm  (^D,  -»  588  nm  ,)  and  619  nm  (^D«  It 

can  be  seen  from  Table  I  that  the  dominant  emission  of  EuCI^  •  6H,,0  in  H^O  arises 

from  the  magnetic  dipole  transition  ^Dq  -t  'Fj.  The  weoket  -t  'F^  band,  the  electric 

dipole  transition,  is  indicative  of  a  symmetric  ligand  environment  with  a  center  of 

symmetry  and  is  consistent  with  a  center  of  octohedral  arrangement  of  the  six  water 

molecrjies  .  As  seen  in  Table  I,  deuteration  increoses  the  phosphorescent  intensity  of 

all  three  emissions  but  the  enhancement  is  much  greater  for  the  -♦  ^F,  and  ^F- 

”  0  10  2 

band"  than  for  the  ^Dj  ^  ^F^  bands. 


TABLE  1 

Phosphorescence  of  EuCI^  in  Ff^O  and  in  D2O 


Emission  Bands 
(nm) 

555  (^Dj-^F^) 
588  (^Dq-'F,) 
619  (^Dq-^Fj) 


Area  Under  Emission  Curves  (Arbitrory  Unit) 

H^O  D^O 


Enhancement 

^actor 


0.24  t  0.02 
2.82  "  0.03 
0.46  i  0.04 


0.39  ±  0.04 
30.7  i  0.7 
3.73  ^  0.15 


1.6  ±  0.3 
10.9±  0.4 
12.5 -t  1.5 


Freeman  and  co-workers  reported  that,  for  solid  EuCI^  solvated  with  H^O  and  DjO,  the 

phosphorescent  lifetimes  of  both  the  ^D.  and  emissions  were  increased  by  a  factor 
(18)  ” 

of  10  upon  deuteration  '  .  This  is  contrary  to  what  is  found  in  solution.  In  solution, 

the  non-rodiative  relaxation  of  is  apparently  so  fast  that  deuterotion  has  not 

effectively  ■'educed  it  os  conipared  to  the  much  slower  ‘‘Dq-  ^F^  relaxotion.  This 
suggested  thot  enhancement  of  certain  emission  bands  at  the  expense  of  others  can  be 
achieved  by  altering  the  chemical  environment  in  liquid  systems.  Even  though  the 
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rejolution  of  the  spectra  is  too  low  to  detect  any  of  the  crystal  field  splittings,  the 

intensity  ratio  of  the  '  ^F,  bend  relotiue  to  the  bond  in  H_C  and  D„0 

0  1  \J  7.  2  2 

(6.1  versus  5.4)  is  relatively  constant  so  'hat  the  symmetry  of  the  ligond  field  about  the 
Eu  (III)  ion  hos  not  been  appreciably  altered  by  deuteration.  Further,  the  absorption 
spectra  for  EuCi^  •  bH^O  in  H^O  and  D^O  are  identical  and  hence  it  may  be  concluded 
that  only  the  non-radiative  relaxation  of  the  state  has  been  reduced.  However, 
the  lack  of  a  similar  errhancement  for  the  emission  points  out  a  bosic  difference 
between  the  non-radiative  mechonisms  of  each  excited  state  in  solution. 

b.  S1UCI3 

The  Sm(lll)  phosphorescence  consists  of  two  bands  at  557  nm  and  592  nm  both  of  which 
originate  from  the  same  excited  state.  The  enhancement  factor  in  D2O  for  each  bond 
is  effectively  the  same  (see  Table  2)  -  14.1  and  14.4  ,  It  has  been  reported  that  the 
D2O  enhancement  effect  seems  to  be  Inversely  proportional  to  the  energy  difference 
between  the  emitting  level  and  the  next  lower  energy  stote  (^7)  .  |n  the  series  Eu(lll), 
Tb(lll)  and  Gd  (III)  the  enhancement  factors  are  in  the  order  Eu  (III)  >  Tb(lll)  >  Gd  (III) 
while  the  energy  differences  'ncrease  in  the  opposite  order.  The  energy  difference  for 
Gd(lll)  is  In  ihe  ultraviolet  range  and  consequently  no  D2O  enhoncenient  was  found. 
Sm(lll)  seems  to  follow  this  trend  since  its  energy  difference  Is  less  ond  the  enhoncement 
foctor  is  greater  than  EufllO.  h  is  interesting  to  note  when  the  energy  difference  between 
an  emitting  state  and  a  next  lower  one  becomes  very  small  os  in  the  case  of  —  ’0^ 
the  enhancement  goes  to  zero.  Therefore  ,  there  seem?  to  be  an  optimum  energy  difference 
where  the  ^2®  enhancement  has  its  greater  effect  which  is  in  the  vicinity  of  Sm(lil). 

TABLE  2 

Phosphorescence  of  SmCl2  'n  6H2O  and  in  D2O 


Emission 
Bands  (nm) 


Peak  Intensity  (Arbitrary  Units) 

H2O _ D2O 


557 

592 


0.030 

0.054 


0.415 

0.780 


Enhancement 

Foctor 

14.1 

14.4 


Excitation  Wavelength  '  400  nm 
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c .  1 bC !  I 

Ti'e  res>  is  foi  TbCL  ■  6H..O  aie  more  revealinq.  Table  3  lists  the  enhancement  factors 

3  / 

of  four  emission  bands  tiiat  were  detected  from  the  .  excited  state  in  TbCL  •  6H_0 

4  3  2 

at  two  different  excitation  wa veleirgtbs.  Also  listed  oie  the  energy  level  transitions  tbot 

correspond  to  ti  e  emission  wavelengths  based  on  the  energy  level  diagram.  It  is  to  be 

noted  that  (here  seems  to  bt  a  similar  trend  for  the  enhancement  factor  to  decrease  as 

the  energy  difference  between  the  emitting  ond  terminal  states  is  increased.  This  is 

interesting  since  it  indicates  that  there  is  a  direct  non-rodiative  relaxation  mechanism 

between  the  excited  ^D.  state  and  each  of  the  four  terminal  srotes.  If  there  were 
4 

only  one  relaxation  process  say  (i.e.  the  higirest  energy  state  of  the  ground 

rnultiplet)  the  D2O  enhancem.ent  should  not  show  any  variation  from  one  emission  bond 
to  the  next. 


TABLE  3 

Phosphorescence  of  TbCl^  in  H.^O  and  in  0.^0 


T  ransition 

Wavelength  (nm) 

Eiihoncement  Factor 

488 

6.4 

6.3 

543 

6.6 

6.5 

’“4 '  'h 

584 

6.6 

6.6 

L-'h 

618 

7.0 

7.1 

Excitatron  Wovelength  (nm) 

350 

369 

not  of  t'  =■  highest  isotopic  purity.  The  O -H  content  for  each  of  the  solutions  was  estimated 
by  infrared  analysis  and  found  to  be  about  15  However,  the  significant  points  made 
above  are  not  dependent  upon  any  absolute  value  of  the  enhancement  factor  but  rather 
Involve  relative  effects  which  are  encountered  with  each  rare  earth  ion. 
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2,  Comparison  of  ihe  Phospf'orescent  Oulput  of  fcui  om  In  CH3OH,  CH3OD  and  CD3C' H 

In  the  previous  section,  we  found  that  in  aqueous  $<  1  tions  o)  Lu'’"’,  deuterotion  of  the 
solvent  enhonces  phosphorescence  of  the  bonds  e'”''  jtinq  from  the  level  (588  and 
619  nm)  but  not  the  level  (555  nm).  In  this  ser  loi',  analogous  effects  in  methanol 
solutions  ore  reported.  Solutions  of  EuCl.j  and  EuC  •  bH^O  were  prepared  in  the  follow¬ 
ing  solvents;  CH^OH,  CD..^OH  and  CH^OD.  The  integrated  intensities  of  the 
phosphorescence  spectra  of  duplicate  experiments  are  shown  in  Table  4. 

The  three  solvents  oie  isoelect  ionic,  so  that  the  ligand  fields  are  identical.  H  (or  D)  is 
strongly  bonded  to  carbon  in  a  metliyl  group  so  that  exchange  of  H  (or  D)  on  the  methyl 
is  negligible.  The  H  (or  D)  of  the  hydroxyl  group  ore  labile  and  could  exchonge  with 
any  residual  watei. 

The  integrated  phosphoiescenct  Intensities  indicote  that: 

a.  As  in  watei,  deuterotion  (CH^OO)  has  little  effect  on  the  555  nm  band 

(=D,  -  ’Fj). 

b.  Deuterotion  of  the  hydroxyl  alone  does  produce  enhancement  of  the 
emission  by  factors  of  5.7  for  EuCI.^  and  4.6  foi  EuCI^  '  6H2O. 

c.  Deuterotion  of  the  methyl  group  (CD^OH)  produces  no  appreciable 

pnrinnc^meriT  or  fiOiYiOriy  i  rCji'iSn  iOii . 

We  conclude  that  the  methyl  hydrogens  are  too  far  removed  from  the  Eu^^"^  Ion  for  their 
replacement  by  D  to  enhance  the  phosphorescence.  The  hydioxyl  hydrogen  Is  close 
enough  to  produce  the  enhancement,  but  since  only  one  D  otom  is  bonded  to  the  oxygen 
rather  than  the  two  in  D2O,  the  effect  is  correspondingly  less.  The  ratio  of  the  peak 
height  of  the  588  nm  band  to  that  of  the  6)9  nm  Ixind,  which  Is  8.5  in  oqueous  EuCI^ 
solutions,  is  only  about  1.5  in  methanci  solutions,  regardless  of  Isotopic  composition. 

We  attribute  the  slightly  higher  ratio  in  CD^OH  to  the  higher  watei  content  of  that  solvent, 
which  would  also  explain  the  slightly  lowei  integrated  fluorescence  Intensity.  Additional 
work  should  be  undertaken  with  the  completely  deuterated  solvent,  CD^OD,  and  with  the 
corresponding  ethanol  derivatives  to  verify  this  result. 
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3.  Phospl'crescence  of  Europium  (ill)  Complexes  with  P-O  Containing  Liyonds 

^  E>^Cl3  -30  P(0R)3  ] 

The  phosphorescence  of  europium  in  t riolkylphosphate  solutions  was  observed  to  be  very 
intense.  The  phosphorescence  spectrum  of  europium  chloride  in  tributylphosphate  (T  BP)  * 
is  shown  in  Figure  13  and  displays  the  dominance  of  the  transit'ion.  The 

resolution  of  this  spectrum  is  not  high,  but  the  line  is  partially  resolved  from 

the  band  and  a  shouldei  appears  on  the 

Figure  14  is  the  phosphorescence  spectrum  or  EnjCI^  in  triethylphosphote  (TEP)**  under 
t'^e  sanrie  resolution  conditions  os  those  used  for  tributylphosphate.  Note  that  the  relative 
intensity  of  the  -•  ^^2  band  In  TEP  does  not  sho.v  the  shoulder  noted  in  the  corresponding 
T3P  band.  The  Eu  (^)  env  ironments  in  T  BP  and  TEP  therefore  seem  to  be  quite  different 
in  symmetry  and  possibly  in  the  magnitude  >f  the  ligand  field.  This  result  is  somewhat 
surprising  since  the  structural  differences  between  the  two  ligands  ore  usuolly  considered 
to  be  minor  and  far  removed  from  tlie  coordina*ing  atom.  Cne  would  expect  little  or  no 
difference  in  the  coordination  characteristic  and  immediate  ligand  field  about  the  Eu^"*'^). 
However  steric  factors  arising  from  differences  in  the  several  alkyl  groups  may  be 
■mporlant.  Further  work  should  be  undertaken  so  that  composil  ion  and  st  ructural  assignments 
can  be  obtoined  and  related  to  phosphorescence  spectra. 


In  the  Euf’^^  -T  BP  complex,  79%  of  the  detectable  phosphorescence  is  in  the  —  ^F^ 
transition  and  this  represented  our  most  successful  effort  to  enhance  the  relative  intensity 


of  this  band.  However,  we  believe  that  other  asymmetric  complexes  can  be  found  in 
which  the  Euf^^  fluorescence  is  exclusively  via  this  ^^9  transition.  Further,  it 

is  importont  to  note  that  os  we  enhance  the  —  ^E2  s'^'^sion  we  also  increase  the  transi¬ 
tion  probability  of  the  ^Fq  —  absorption  band.  In  considering  any  system  as  a  potential 
loser,  the  absorption  c ho ract eristics  are  just  05  importont  as  the  proper  phosphorescence 


spect  ,  um. 

f.  p.  <  -80-  C,  b.p.  559^ 
TEP:  f.  p.  -Sd-"  C,  b.p.  215"'  C. 
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b.  Eu  L02P(0R)2  33 


vVe  Jlscovered  that  a  cl  lorine  free  complex  is  formed  when  EuCl^  •  3  0=P(0R)2  complexes 
are  decomposed  by  heating  in  excess  solvent.  These  complexes  have  significantly  different 
phosphorescent  properties  from  the  chlorine  contoining  coordination  compounds.  The  follow¬ 
ing  procedure  was  followed  in  preparing  the  chlorine  free  complex  derived  from  triethy!- 
phosphote.  Some  30  ml  of  triethylphosphote  was  added  to  two  grams  of  the  hydrated  rare 
earth  chloride.  The  solution  was  heated  with  stirring  at  125^  C  for  two  hours.  After 
cooling,  a  10:1  volume  excess  of  anhydrous  ethyl  ether  was  added.  The  solution  was  cooled 
further  to  0°  C  to  complete  the  precipitation  of  the  complex.  After  filtration,  the 
precipitate  was  washed  ten  times  with  ether  and  then  dried  at  1 10^  C.  The  elemental 
analysis  of  this  complex  is  given  below. 


iH 

^Cl 

Jolc.  Obs. 

Calc.  Obs 

Calc. 

Obs 

Cole.. 

Obs. 

23.57  22.92 

4.91  4.87 

0.00 

0.30 

15.22 

15.33 

23.28 

5.04 

0.10 

15.19 

The  following  reaction  may  have  occurred  with  evolution  of  ethyl  chloride. 

r—  O  — 


EuCI^  •  3  LOPIOC^H^)^ 


Eu 


.oS^5 


^  u 

^  5 


Additional  studies  v/ould  have  to  be  undertaken  to  determine  the  structure  of  this  complex 
and  the  reaction  sequence.  The  phosphorescence  spectrum  of  this  complex  is  found  in 
Figure  15  and  consists  only  of  a  592  nm  band  ^F^  ).  No  transition  is 

apparent.  The  ^Fq  transition  in  the  575  nm  region  is  too  weak  to  detect.  Essentially 

0  decrease  in  bo‘h  electric  dipole  transitions,,  i.e.  the  ^Fq  ond  the  hos 

occurred.  This  indicates  the  formation  of  o  center  of  symm^tr^'  about  the  Eu(HI)  in  this  complex. 
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PHOSPHORESCENCE  OF  Eu  1  02P(OC^H^)2]3 


FIGURE  16 


1 
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The  Eu’^  -TBP  syslem  undergoes  a  sirt-Uar  conversion.  The  phosphorescence  spectrum  of  the 
thermolly  (100°  C)  formed  precipitate  (Figure  16)  is  seen  to  be  dominated  by  the  ^Dq— 
magnetic  dipole  transition.  The  dipole  transitioi.  accounts  for  about  37  » 

of  the  total  fluorescence  as  compared  to  79'%  for  the  unconverted  EuCI^'TBP  complex 
(Figure  13).  This  drastic  change  in  the  relative  intensity  of  Indicates 

again  that  a  symmetry  conversion  of  the  TBP  ligond  field  about  the  Eu^^^  has  taken  place. 

c,  EuCl3  •  3  Hexamethy Iphosphoramide 

Hexamethylphosphoramide  (F1MPA)*  has  the  follovi/ing  structure 
O  -  P[N(CH3)2i3 

A  europium  complex  was  prepared  in  the  following  monner.  Two  grams  of  the  hydrated  rare 
earth  chloride  was  added  to  30  ml  of  the  complexing  agent.  The  solution  was  heated  with 
stirring  at  about  100-125°  C  for  two  hours.  After  cooling,  a  10:1  volume  excess  of  anhydrous 
ethyl  ether  was  added.  The  solution  was  cooled  further  to  0°  C  to  complete  the  precipitation 
of  the  complex.  After  filtration,  the  precipitate  wos  woshed  ten  times  with  ether  ond  then 
dried.  The  elemental  analysis  indicates  three  ligand  molecules  bonded  to  the  original  molecule. 


%CI 

%P 

Calcd.  for  EuCl^- 

3HMPA  27.16 

6.79 

15.84 

13.3fa 

11.69 

Found 

26.92 

6.62 

15.65 

13.37 

11.49 

In  order  to  gain  some  Information  about  the  influence  of  the  solvent  on  the  nature  of  the 
emission  spectro  and  on  the  magnitude  of  the  phosphorescent  intensity,  an  Investigation  of 
solutions  of  EuC!^  •  3HMPA  in  various  solvents,  particularly  some  ahohols,  as  undertaken. 

The  results  ore  surnmorized  In  Table  5.  The  emission  spectro  of  these  systems  consisted 

generally  of  the  588  and  619  nm  bands.  No  at*eir,pt  was  mode  to  resolve  these  bands  and 

little  con  be  said  about  the  symmetiy  surrounding  the  emittinu  species.  The  first  solvent 

used  was  HMPA  itself  and  its  phosphorescence  spectrum  taken  under  high  resolution 

revealed  to  be  identical  to  the  solid  materiol  except  fora  slight  broadening  cf  the  emission  bands. 


*  hexamethylphosphoramide  is  a 
(ot  3  mm). 


room  temperature  liquid  with  o  boiling  poinr  of  80  ^  C 
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This  indicates  that  the  crystal  field  is  esserttiaily  the  same  and  that  no  further  coordination 
by  the  HMPA  occurs. 

A  comporlson  of  the  data  in  different  su'vents  indicotes  the  following; 

1.  The  total  fluorescence  intensity  from  "^0013  •  3HMPA  is  greater  by  a  factor 
of  about  3  In  HMPA  and  CH^OH  than  in  any  of  the  other  solvents  used. 

2.  Varying  the  chain  length  of  the  solvent  olcohol  doesn't  oppear  to  have  ony 
imporront  effect  on  the  phosphorescent  intensity;  If  onything,  it  reduces  it 
(cf.  CH^OH  and  C2H5OH). 

3.  It  is  evident  from  the  variation  in  the  588/619  ratio  that  either  a  different 
symmetry  exists  about  the  Eu"^  or  that  different  absorbing  species  are  present 
In  the  HMPA  and  H2O  systems.  Similarly  either  a  difference  in  the  symmetry 
or  different  absorbing  species  exist  in  the  water  and  alcohol  systems. 

d.  EuCI.3  •  XPOCI3 

This  compound  was  prepared  by  the  method  outlined  in  a  previous  section  for  the  triethyl - 

phosphate  complex  using  30  ml  of  phosphorus  oxychloride  and  two  grams  of  the  hydrated 

rare  earth  chloride.  In  the  preparation  of  the  phosphorus  oxychloride  complex  of  Eu(ll!) 

some  difficulty  was  experienced  in  the  apparent  hydrolysis  of  the  EuCI^  •  XPOCI^  upon 

standing  in  air.  The  infrared  spectrum  of  the  EuCL  •  (P0C1_)  compound  contained  a 

0  Ox 

P-CI  band  ot  580  cm"’,  presumably  c  P-O  *Eu  band  at  1225  cm"’  but  no  indicotion  of  any 
P-O-H  absorption.  The  P-CI  and  P=0  bonds  in  phosphorus  oxychloride  ore  at  570  cm"’ 
end  i?85  cm"’  respectively,  which  indicates  a  shift  of  about  60  cm”’  toword  lower  ene.-gy 
in  the  phosphorus  to  oxygen  band  upon  complex  formation.  Similor  shifts  were  noted  In 
the  HMPA  and  TEP  complexes.  An  elemental  onalysis  of  the  EuCI^  •  XPOCI^  complex 
was  not  attempted  because  of  Its  nydrolytic  instability.  The  phosphorescence  spectrum 
of  this  material  consisted  almost  entirely  of  the  red  multiplet  .  The  symmetry 

of  the  crystal  field  must  therefore  be  very  low,  since  this  transition  is  spl  it  into  its  maximum 
number  of  components,  namely  five.  The  band  is  obout  120  A  wide  with  components  at 
6107  A.,  61271  , 6148  6204  A,  and  6227  A .  Tbe  absence  of  the  ■’Dq  -  transition  Is 

quite  promising  since  i*  gain  implies  a  highly  efficient  selection  process  governing  the 
transition  to  the  ground  stole. 
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TABLE  5 

Effect  of  Solvent  on  the  Phosphorescence  of  EuCI^'  3HMPA 


Solute 

Solvent 

mg  Eu'^'Vcc 

Xg^(nm) 

Relative 

Peak  Areas 
588/614 

A* 

EUCI3 

•  6H2O 

H^O 

45.2 

390 

8.25 

EUCI3 

•  3HMPA 

HjO 

2.1 

391 

8.23 

1.0 

EUCI3 

•  3HMPA 

HjO 

29.1 

391 

6.25 

0.44 

EUCI3 

•  3HMPA 

H^O  +  HMPA  (2/1) 

4.6 

391 

3.78 

0.96 

EUCI3 

•  3HMPA 

HMPA 

5.64 

391 

1.02 

3.6 

EUCI3 

•  3HMPA 

HMPA 

5.64 

461 

1.03 

8.2 

EUCI3 

•  3HMPA 

HMPA 

5.64 

530 

1.02 

2.7 

EUCI3 

•  3HMPA 

CH3OH 

2.5 

391 

1.12 

3.8 

EUCI3 

•  6H2O 

CH3OH 

31.8 

395 

1.76 

0.95 

EUCI3 

.  3HMPA 

C2H3OH 

2.52 

391 

1.0 

0.88 

EUCI3 

.  3HMPA 

i-C3H20H 

2.50 

391 

0.8 

0.96 

EUCI3 

•  3HMPA 

i-C3H20H 

2.50 

461 

A  ^0 

0./  0 

2.0 

EuCi^ 

•  3HMPA 

n-CsHiiOH 

2.50 

391 

1.34 

0.86 

EUCI3 

■  3HMPA 

(CH2CH)2 

2.48 

391 

2.36 

1.24 

A  *  =  Integrated  emission  area  of  588  +  614  (in^)/C  *  (total  fluorescence) 

T  -  24"  C 
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e.  OuQntum  Efficiency  Measuremenfs  of  Eu^^  -  TEP  Solutions 

The  experimental  set-up  for  the  quantum  efficiency  measurement  is  shown  below.  The 
output  of  o  xenon  lamp  is  passed  through  a  monochromator  so  that  o  particuior  excTiing 
wavelength  con  be  selected,  and  focused  onto  the  sample.  A  photomultiplier  I-i  placed 
beh'nd  a  slit  which  is  directly  in  line  with  the  exciting  beam  emerging  from  the  sample. 

The  number  of  quanto  absorbed  (^n^)  can  be  easily  determined  by  comparing  the  trans¬ 
mission  of  the  sample  tc  that  of  the  solvent.  !l  is  necessary  that  the  photomultiplier  slit 
be  sufficiently  wide  to  enable  all  of  the  exciting  beam  to  strike  the  photomultiplier.  The 
fluorescence  signal  is  negligible  compared  to  the  transmitted  signal,  and  so  no  filter  is 
needed  when  measuring  ^'^2'  ^  calibrated  neutral  density  filter  was  placed  at  the  exit 
slit  of  the  monochromator  to  reduce  the  intensity  of  the  transmitted  beam  to  the  detectiori 
limits  of  the  photomultiplier.  The  obsorptlon  coefficients  meosured  by  this  method  compare 
very  well  with  those  obtained  with  a  Beckman  0K2A  absorption  spectrometer. 


Sr'urce 


Monochrome-tor 


I 

I 

I 

I 

i 

I 

I 


Cell 


Photomultiplier 
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To  determine  iSn^,  the  numbei  of  fluoreicent  qijonto,  is  not  quite  so  simple,  since  the 
fluorescence  is  isottopically  emitted  owei  the  sol  Id  angle  of  4ff  .  However,  by  measuring 
the  fluorescence  passing  through  the  slit  of  area  A  and  then  integrating  along  the 
length  of  the  excited  sample  tire  following  expression  for  ^n^,  con  be  developed; 


(AP  Ic'Ae 

o 


It(r-d) 


t  i  (k  I )  -Ei  (k  r-kdl 


where  F  the  detected  fluorescence  signal 

O  overoll  quantum  efficiency 

P  incident  exciting  rojiatlon 

o 

k  absorption  coefficient  in  cm”* 

^  ^  1  e^dx 

Ei(x)  tabulated  values  of  I - 


When  measuring  the  fluorescer  ;e  rodiation,  a  Corning  CS3-67  shorp  cut-off  filter  must 
be  used  so  that  noneoftrie  exciting  radiotion  strikes  the  photomultiplier.  Further,  no 
neutrxjl  density  filter  was  used  when  measuring  F 

Expression  (1)  enables  one  to  calculate  the  absolute  quantum  efficiency  in  terms  of  the 
geometry  of  the  experimental  arrangement  ond  the  absorption  characteristics  of  the 
sample  which  are  all  determinable  In  out  experiment  o  cohbrated  1  P2  i  photomultiplier 
was  used  to  detect  F  and  P  .  Since  the  two  radiotions  ore  not  at  the  some  wovelerrgth, 
the  spectral  choracteirstics  of  the  detector  must  be  considered.  In  the  derivation  of 
Equotion  (11  it  has  been  assumed  that  t'-e  fluorescence  is  isotropic  and  losses  due  to 
scattering  and  obsorption  ore  negligible  Using  Equation  (11  we  hove  calculated  *^'^6 
quontum  efficiency  of  on  alcoholic  Rhorjamine  B  solution  orrd  of  EulNO^)^  TEP.  The 
results  for  the  Rhodomi.re  B  solution,  which  is  known  to  hove  o  quantum  efficiency  of 
about  0.90  yield,  >ield  o  which  ii  too  low  by  a  factor  of  about  10.  We  have  not 
determined  why  these  results  are  low,  but  we  can  still  obtain  relative  quantum  efficiencies 
using  Rhodomlne  B  OS  o  sta.idotd. 
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Equation  (1^  yields  a  simple  expression  for  the  Eii‘^  -TEP  fluorescence  reiative  to  iliut 
of  Rhodamine  B.  If  the  concentrations  of  Rhodamine  are  adjusted 

so  that  the  absorption  coefficients  k  are  iueiitica!  at  the  same  excitation  wavelength  X 

o 

then  we  have  the  relationship  that; 


F' 


Eu 


F' 


Rh 


Eu 


O 


Rh 


(2) 


where  F'  and  F'  .  are  the  corrected  fluotescetrces,  delected  with  the  same  slit,  for 
Eu  Kh 

Eu*^  and  Rhodaniine  solutions,  respectively.  The  adjustment  of  tlie  concentrations  was 
carried  out  on  the  same  apparatus  so  that  no  discrepancies  due  to  different  botrd  widtris 
would  occur.  The  results  of  tlie  relative  experiment  Indicote  that  the  Eu"^  -TEP  solution 
has  overall  quantum  efficiency  of  about  0.50  (50^)  when  the  excitation  wavelength  is 
395  nm.  Tire  quantum  efficiency  of  the  465  nm  barrd  has  not  been  deterrrrined  but 
we  believe  that  it  will  be  at  least  os  great  since  the  level  immediately  excited  is  closer 
to  the  ^Dq  level.  We  are  losing  one-holf  of  the  metostable  stotes  which  never  emit 
fluorescence  and  are  primarily  dissipated  through  useless  non-rodiative  processes.  This 
value  of  0.50  is  taken  to  be  typical  for  X^P'O  complexes  of  Eu'^",  since  we  feel  thot 
the  quantum  efficiency  is  determined  by  Interactions  with  the  immediate  environment 
about  the  rare-eortli-ion.  Using  this  result  we  con  now  proceed  to  the  threshold  power 
level  calculation. 


4.  Complexes  of  Rare  Earths  with  Dimethy lacetomide  ond  its  Homoiogs 

a.  Preperotion  ond  Characterization  of  Complexes  of  Eu*“,  Tb^\  ond 

In  Older  to  understand  exactly  how  the  chemical  environment  of  the  rare  earth  Ion 
affects  the  phosphorescence,  it  is  criilcol  to  estoblrsh  jusr  what  that  environment  is. 
The  procedure  described  below  was  followed  to  prepare  complexes  of  rare  earths  with 
dimethylacetamide.  A  distillation  train  was  set  up  which  wos  continually  purged  with 
dry  nitrogen,  and  solvents  were  distilled  fiorr,  vn  cus  drying  agents.  An  inert 
atmosphere  box  was  procured  foi  the  octviol  sample  prepoiotion.  Ftydra'ed  rare  earth 
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solts  were  dissolved  in  pure  solvent  and  the  excess  soivent  was  then  driven  off  m  Her 
vacuum,  leaving  crystals  of  the  'oie-earth-ligond-solvent  complex  This  process  was 
lepcCited  leaving  crystals  nno lyt ical !y  pure  and  viiiuoMy  watei-fiee  The  somples  were 
then  sent  to  Golbraith  Loboratciies  for  compositional  anolysis. 

”he  firs  samples  of  the  corresponding  Nd,  Ib  and  Eu  complex  were  prepored  and  analyzed, 
and  the  results  ai^.-  given  in  Table  6.  The  theoretically  calculated  volues  are  based  on 
three  dimethy lacetomide  ligands  and  three  chlo'ide  ions.  The  analyses  indicate  that  the 
molecular  formulas  for  these  complexes  are  thus;  Eu(DMAC)nCl3,  TblDN'AC^^Cl^,  and 

Md(DMAC)2CI^. 

TABLE  6 

Elementol  Analyses  of  DMAC  Complexes 


i  C 

IJl 

N 

i  Cl 

Eu(DMAC)3Cl3 

Calc.; 

27.8 

5.21 

8  11 

20.5 

Found; 

28.8 

5.77 

8.56 

19.2 

Tb(DMAC)3Cl3 

Calc  ; 

27  4 

5.13 

7.99 

20  3 

Found; 

26  0 

5  19 

7.70 

19.9 

Nd(DMA03C'3 

Calc  : 

28  2 

5  27 

B  21 

20.8 

r-  .  J 

.  UUMU 

28  P 

5  74 

8  16 

18.7 

A  molecular  weight  aeterminat ion  wa;  also  perfnrrr-ea  by  Galbraith  Laboio'or'es  on 
f  l-f^MAC.  andtne  result  obtainec  was  approximately  half  the  theoretical  molecular 
h?  for  E'-fDMACI^CI^-  fc  perferm  the  onaivsi:  they  dissolved  the  ciystais  in 
>  -ylfotmonide  and  meorurec  .i'.e  lowetltig  of  ti:e  .'Opot  pressure,  a  phenomenon 

osso  *ed  with  the  number  of  particles  in  so'ution  Due  'o  the  great  si  iiarlty  of  the 
chemistry  ri*  DMAC  to  DMF,  rio  significant  meosured  moleculai  weight  difference  Is 
expected  i  utween  these  ’wo  solvents,  bince  the  observed  moieculoi  weight  is  one-half 
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the  formula  weiyht,  it  is  concludeci  thot  the  molecule  must  dissociote  into  two  particles. 
There  is  only  one  ilKely  dissociotlon  mechanism  which  yields  two  distinctly  different 
molecular  entitles  when  one  molecule  of  ihe  rtue-eorth-OMAC  complex  is  dissolved  in 
DMAC.  This  is  indicated  by  the  following  equation: 


Eu(OMAC).CL  - >  EufDMAO^CI.''  ^  Cr 

3  3  < -  3  2 


Further  dissocic  on  of  the  complex,  in  DMAC  solution,  would  produce  more  Cl~  ions 
which  would  act  as  separate  particles  and  produce  an  apporent  molecular  weight  less  than 
one-half  the  molecular  formula. 

If  one  examines  the  UV  and  visible  absorption  spectre  of  these  complexes  dissolved  in 
DMAC,  run  versus  a  pure  DMAC  blan's,  a  strong  UV  absorption  attributable  only  to  the 
complex  is  present ,  This  absorption  is  shifted  some  400  A  toward  the  visible  from  the  usual 
UV  absorption  of  pure  DMAC,  which  indicates  at  least  a  partial  deiocallzotion  of  the 
DMAC  carbonyl  electrons. 

Also,  the  !R  absorption  spectrum  of  the  complex  in  solution  shows  o  shoulder  on  the 
carbonyl-stretch  band  not  present  in  the  pure  solvent.  This  can  be  attributed  to  a  lowering 
of  the  carbonyl -stretch  frequency  within  the  complex  by  some  '•0  cm“’.  The  conclusion 
Is  that  the  DMAC  is  coordinated  to  the  rare-earth  ion  through  the  carbon-d  oxygen. 

Tht  lesjlts  described  obo'-e  indicuie  il'.ct  in  r'lc  crystalilnp  form,  the  DMAC  complexes 
ore  composed  of  three  DMAC  molecules  and  three  chloride  ions  for  eoch  rore  eorth  ion, 
und  in  solution  one  of  the  chloride  ions  is  free,  leoving  the  Ion  M(DMAC;2Cl2 

On  on  invest iga*Ion  of  certain  homologs  of  dimethylocetomide,  to  be  discussed  In  o 
subsequent  section,  it  was  found  that  when  a  hydrogen  otorri  is  bonded  to  the  nitrogen 
of  the  amide  group,  phosphorescence  is  severely  quenched.  This  indicotes  that  the  nitrogen 
is  olso  coordinoted  to  the  rare-earth  ion,  for  only  on  N-H  bond  immediately  odjocent  to 
the  rore-earth  ion  is  considered  to  be  capo  >  of  influencing  the  phosphorescence  to  such 
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an  extent.  It  wos  therefore  concluded  that  DMAC  Is  acting  oi  a  bidentate;  that  is, 
coordincting  rhrcugh  both  oxygen  and  nitrogen. 


DMAC  Coordinated  to  Europium 

This  result  was  not  totally  unexpected  since  coordination  numbers  of  eight  or  nine  (counting 
the  chlorines)  ore  fairly  common  for  rare-earth  ions.  As  relotes  to  the  potential  of 
developing  o  liquid  laser,  this  fact  that  the  ligand  behoves  as  a  bidentote  hos  little  effect. 

It  does  mean,  however,  that  substituents  which  affect  either  the  corbon-oxygen  or  the 
carbon -nitrogen  bond  may  influence  the  rare-earth  phosphorescence,  and  that  the  DMAC 
system  is  more  complicated  than  was  originally  onticipated. 

b.  Phosphorescence  of  Complexes  of  Eu*^  with  Dimethylacetomide  and  its  Homologs 

The  phosphorescence  intensity  of  each  complex  with  europium  is  no*ed  In  Table  7  for  both 
the  619  nm  and  595  nmi  line  (which  have  different  terminal  levels,  as  shewn  by  Figure  1), 
as  well  as  the  ratio  of  intensity  of  the  619  nm  line  to  the  595  nm.  All  meosurements  were 
mode  on  the  hydrated  solts  dissolved  In  excess  solvent. 

Several  flings  can  be  noted  from  Table  7.  For  the  first  two  complexes  listed,  the 
difference  is  not  in  the  ligand  but  in  the  onion.  The  chloride  complex  has  significantly 
weaker  intensity  than  its  nitrate  anaioa.  This  indicates  the  onion  plays  a  role  in  influencing 
the  phosphorescence  of  the  rare-eorth  ion.  This  means  that  the  onions  ore  at  least  partially 
within  the  coordination  sphere  of  the  rare-eorth  ion  in  solution,  and  hence  bonded  to  it. 
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A  nitrate  ion  has  a  vibrotion  at  1380  cm~*  wherco>,  of  course,  o  chlorloe  ion  has  no 
internal  fTiolecular  vibrclions  at  all.  Thcs,  it  cppeors  that  .he  nitrate  vibrotion  is  enhancing 
the  phosphorescence  and  tnoy  be  assisting  the  nonradictive  transitions  to  the  erviitting 
level  to  a  greater  extent  than  from  the  emitting  level. 

Locking  further  at  the  table,  there  is  definite  evidence  that  complexes  with  monosubstituted 
amide  ligands,  that  is,  those  with  o  hydrogen  atom  on  the  nitrogen,  yield  far  weaker 
phosphorescence  than  complexes  having  di -substituted  llgonds.  This  is  consistent  with  the 
ideo  that  a  hydrogu'i dadjacent  to  the  metal  ion  provides  an  excellent  mechanism  fat 
quenching  phosphorescence.  If  we  compare  the  nitrates  of  dirnethylocetomide  and  dimethyl- 
formamidc,  we  note  that  the  hydrogen  on  the  corbon  seer^.s  to  quench  the  phosphorescence 
more  thon  a  methyl  group,  but  nowhere  as  much  as  a  hydrogen  on  nitrogen.  It  should  be 
noted,  however,  that  the  numbers  given  ore  probably  good  to  only  5^  ,  and  smoll  differences 
should  not  be  considered  significant. 

From  the  above  investigation  of  DMAC  homologues,  one  ccn  see  thoi  molecular  changes 
consisting  of  adding  on  varying  numbers  of  -CH2  -groups  to  the  DMAC  molecule  result 
in  onl)  negligible  oltcrations  in  phosphorescence  properties. 

c.  f  hosphorescence  of  the  Tb'*'^  -  Dimethylacefon-iide  Complex 

As  is  olreody  well  known,  water  has  a  strong  quenching  effect  on  rare-eorth  phosphorescence, 
so  that  one  might  suppose  that  any  DMAC  solution  of  a  hydrated  salt  would  display  u 
weak  output.  Therefore  experiments  were  performed  to  compare  tha  phosphorescence  and 
hydioted  rare-eorth  salts  in  DVAC.  It  wo>  found  that  the  solubility  in  DMAC  of  hydroted 
salts  (salts  containing  water  of  crystalli  ation)  far  exceeds  that  of  the  corresponding  anhydrous 
so  Its.  This  is  presumably  because  at  least  one  water  molecule  remains  scivoted  to  the 
rare-eorth  Ion  in  the  organic  liquid,  thereby  creating  on  environment  more  closely  approxi - 
mO'tng  that  of  an  aqueous  solution  in  which  the  salts  display  great  solubility. 
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It  was  found  that  the  actual  phosphorescence  intensity  of  a  0.44M  solution  of  Tb(NO„)-  • 
6H^O  in  DMAC  is  about  thirteen  times  brighter  thon  a  saturated  onhydrous  TbCL-DMAC 
solution  (Table  8)  which  is  approximotely  0.02M.  These  figures  show  that  intensity  pet 
terbium  atom  in  the  solution  of  the  hydrated  salt  is  only  about  60  ^  of  that  in  the 
anhydrous  system,  Howev/er  this  intensity  decrease  per  atom  is  i  lore  than  offset  by  the 
much  larger  number  of  terbium  otoms  per  cc,  so  that  the  total  phosphorescence  intensity 
from  the  solution  is  gieotly  enhanced.  An  interesting  conclusion  to  be  drown  from  these 
observations  is  tha  rhe  presence  of  approximately  one  water  molecule  per  solvation  sphere 
around  the  Tb  causes  far  less  quenching  than  the  case  of  a  complete  H2O  solvation  sphere 
which  obtains  in  water  solutions  of  Tb  salts.  Further  experiments  showed  thot  dilution  of 
the  0.44M  solution  with  DMAC  resulted  in  o  phosphorescence  intensity  decrease  which 
was  directly  pnoportioi lol  to  the  dilution  factor.  This  constancy  of  emission  intensity  per 
Tb  ion  indicates  that  no  sigi'ificant  self-quenching  of  the  terbium  (through  Tb-Tb  interoctions) 
had  been  occurring  in  the  concentrated  solution,  provided  one  may  assume  an  unvarying 
cor'stitution  of  the  sol  at  ion  sphere  as  more  DMAC  is  odded.  Eviden  ;e  for  the  latter  point 
is  the  lock  of  "‘qe  in  the  structure  of  the  spectrum  accomponying  this  dilution. 


TABLE  8 

Relative  Phosphorescent  Interisities  of  Neodymium  ond 
Terbium  n  Different  Solvents 


Concentration 


•  t  ;  j 


keloiivc  Intensities  ^  ^ 


0.02  M  (Sat) 


0.44  M  -  Sat) 


0.10  M  (~  Sat) 


1.0  M 


ToCI^-DMAC  Anh /drous 
Tb(NO„),  •  6H„0-DFaAC 
NdCI^-DMAC  Anhydrous 
Nd(NO^)-  dH^O-DMAC 


5  (5477 A) 


(48'’5A) 


65  (5433 A)  65  (4888  a) 

1.3  {1.06U) 


Undetectoble  (1.06.U) 


(1;  All  inieiisi  'e  have  been  corrected  for  the  Known  response  choracteiistics 
cf  the  7102  O'  ■itomu^r ipl'ier  and  the  xenon  excirotion  lamp. 
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d.  phosphorescent  Fine  Structure  of  Complexes  of  Tb*'’  and  Eu*'’  with  Dimethy lacetomide 

Another  techn  que,  aside  from  conductivity  measuiements  fot  establishing  the  existence 
of  r.-iorc  *hf.v,'  one  molecular  spe  ies  in  solution,  is  the  ^*udy  of  the  splitting  of  the 
phosphorescence  br.nds  into  a  mjitiplet  structure;  eoch  comoonent  arising  from  some 
|.Kiiticij:ar  entity.  /  Jatreii  -Ash  0,5  metei  Ebert  scanning  monochromator  wos  set  up  in 
conjuncticn  svilh  a  150  wott  xenon  exc'^aticn  lamp  ond  on  1P21  photomultiplier  tube 
feeding  a  recc'rdor  ihrcugh  on  Qmj,‘ifier,  Suitable  filtering  of  the  exciting  light  was  used 
ir,  order  to  completely  remove  the  europii;tn  and  terbium  phosphorescen^.e  wavelength 
regions,  so  os  ri'<  minImi/e  any  inie‘'‘;rence .  A.sother  filter  removed  the  infra-red  to 
prevent  iiie  heofl'ig  of  lh.~  sompU-  This  monochromotor  has  a  dispersion  of  16A  per  mm 
and  was  used  with  o  30^  rntput  slit  giving  on  octual  resolution  capability  of  0.48A. 

With  this  experimentol  set-up,  solutions  of  anhydrous  and  hydrated  europium  ond  terbium 
salts  in  D.V\AC  were  examlried  for  resol>/Qble  fme  structure  in  their  phosphorescence 
spectro.  A  saturated  anhydrous  TbCl^  solution  in  OMAC  yielded  spectra  where  the 
■*  (approximately  490  mfi)  phosphorescence  transitions  were  split  into  doublets 
(Table  9), 

In  an  attempt  to  establish  ths  origin  of  these  doublets,  two  drop;  of  water  wen,  odded  to 
3cc  of  the  anhydrous  solution.  This  resulted  in  the  disappearance  of  one  ot  trie  components 
from  each  of  the  doublets,  and  a  consideroble  overall  decrease  in  the  phosphorescence 
intensity  from  both  of  the  transitions.  The  frequency  of  rlie  remultilng  lines  cre  very 
close  to  those  from  both  on  aqueous  solurior-  of  ^bCl^  and  a  DMAC  solution  c! 

TbiNO^).,  •  dH^O. 

Due  to  the  complexity  of  the  system*  ti  is  not  poisibit  to  deierrrrne  unambiguously 
whot  molecular  chonqes  ore  responsible  for  the  obove  result,  olthough  two  explano-ions 
come  to  mil  d  as  being  reasonable.  1  he  supposed  onhydious  solution  may  nit  be  strictly 
dry  and  may  contain  a  small  omount  of  woler  If  there  was  not  enough  water  to  contribute 
at  least  one  molecule  to  tf.e  first  sc'vation  sphere  of  all  trie  terbium  ions,  then  two 
molecular  species  would  exist;  some  possessing  at  least  one  water  about  the  terbium 
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and  others  none.  The  iwo  species  wooid  then  have  different  rare-earth  environments 
and  could  give  rise  to  phosphorescence  spectrrr  of  somewhat  different  frequencies. 

Adding  more  writer  would  assure  that  all  of  the  terbium  ions  have  at  least  one  woter  in 
close  oroximity  and  the  spectra  from  the  species  with  no  water  could,  of  course,  disappear. 
The  decreased  phosphorescence  intensity  would  then  result  from  the  well  known  quenching 
effect  of  watei 

Alternatively,  the  anhydrous  system  may  be  strictly  dry  and  the  splitting  moy  result  from 
the  lifting  of  the  degeneracies  of  the  emitting  onr  terminc  levels  by  a  strong  electric 
field  of  a  particulor  symmetry  resulting  trom  the  cu>  rdination  sphere  around  the  terbium. 
The  addition  of  water  con  now  create  an  environment  of  different  symr  etry  which  does 
not  spilt  the  degenerate  terbium  levels  into  as  many  components  as  before,  so  that  only 
one  band  is  observed. 

As  can  be  seen  from  Table  9  the  europium  nitrate  and  chloi  ie-DMAC  and  water 
solutions  do  not  display  any  splitting  of  the  phosphoiesuence  xinds,  although  a  close 
examinotlon  of  the  band  shape  reveals  some  osymmetry  which  is  mdicat've  of  the  possible 
presence  of  unresolved  overlapping  components.  It  is  not  yet  clear  why  the  europium 
arid  terbium  systems  behave  ir>  such  o  different  monnet.  However,  the  Eu  levels  have 
smaller  J-volues  than  the  Tb  levels,  and  so  might  display  a  lesser  spread  of  local  field 
components . 

c.  f’fiuspliorctcence  of  thp  Nd'^'^-Olmethy  locetarnide  Complex 

A  O.IM.  solution  ipiocticolly  satvnated)  of  anuydreus  NdCi^  in  D.V.  NC  displo-zed  a  weak 
phosphorescence  at  1  06ii  os  compn'ed  with  the  intensity  in  the  gieen  from  the 
corresponding  anhydrous  terbium  sysrern.  Frorii  Tabic  8  we  see  that  per  neodymium  atom 
the  Intensity  is  oppioximately  O.CM  tirnes  ifrot  of  the  pe'-otom  ferbiurri  intensity. 

Although  tire  Nd  salt  containing  water  of  ciysici  lir-otion,  Nd(N0.^1^  •  bH^O,  was 
soluble  to  the  extent  of  I  .0  M  in  DMAa  no  1  Ob  U  phcspr  orescence  could  .  detected 
at  a!!,  in  strong  contrast  to  the  situation  for  the  Tb  case.  This  Indicotes  the  extreme 
sensitivity  of  neodyi-niunt  pliospfioitscence  to  the  proximity  of  water  molecules  to  the 
neodymium  arorn,  since  at  least  one  woter  rnolecuie  I>  presenr  in  the  mmediate  solvation 
spire  re  of  the  rote -earth  . 
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TABLE  9 


Phosphorescent  Fine  Structure  of  Europium  and  Terbium  in  DMAC  and  Watf  r  Systems 

Wovelength  in  A  of  Center  of  Phosphorescence  Peaks 


TbCNOa)^  .  6H2O-DMAC 

5433 

4888 

ThCl^-H^O 

5430 

4  884 

TbCI-DMAC  Anhydrous 

5477  1 

5423  ) 

4952  1 

4875  j 

TbCI^'DMAC  Anhydrous 

5435 

plus  small  omount  of  water 

4878 

EuCI^'O^'^-^  Anfiydrous 

6115 

5910 

EuCl^-DMAC  Anhydrous 

6115 

plus  smoii  arrmunt  of  water 

5910 

EuCl^-Hj^O 

6119 

5^10 

Eu(N02)2  •  bH^O-DMAC 


6166 
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In  the  light  of  ou  ideas  which  view  non-rodiative  trons  ticns  os  orising  from  transfer 
of  the  electronic  energy  of  the  rare-earth  atom  to  vibrcMonol  modes  of  groups  in  close 
proximity,  we  can  rationalize  the  above  difference  between  Nd  and  Tb  behavior.  The 
efficiency  of  energy  transfer  progressively  falls  as  the  bond  which  is  being  vibrationolly 
excited  is  moved  further  from  the  rare-earth.  Also,  if  one  has  'O  excite  a  high  vibrational 
overtone  to  accept  the  energy  then  ttie  transfer  is  very  much  less  efficient  then  if  the 
transfer  can  be  accomplished  by  excitation  of  a  low  overtone.  Since  the  energy  gap 
in  Nd  between  the  emitting  level  next  lowest  level  only  5500 

cm"',  one  can  readily  see  that  for  C-fl  and  O-H  stretching  vibrations,  which  ore  usually 
broad  bonds  from  3000  to  3500  cm"',  a  vibrotional  excltotion  o  the  second  overtone 
(v=2  leveH  will  suffice.  In  terbium  the  similar  energy  gap  is  approximately  three  times 
as  many  wavenumbers  so  that  non-radiative  energy  transfer,  which  must  now  involve  high 
frequency  vibrations,  is  very  much  less  efficient. 

Thus,  even  though  the  C-H  stretching  vibration  present  in  DMA'  s  removed  from  the 
immediate  vicinity  of  the  neodymium  (which  is  coordinated  through  the  oxygen  and 
nitrogen),  it  is  still  very  effective  in  promoting  non-radlatlve  relaxoticns  among  the  closely 
spaced  energy  levels  of  that  ion.  It  appears,  therefore,  that  in  order  to  obtoin  reolly 
strong  1.06^  neodymium  phosphorescence,  one  would  have  to  completely  remove  o!'  high 
frequency  vibrations  rom  tn^  solvuiluri  scherc  of  the  'on. 

5.  Criteria  for  Pumping  Europium  Systems 

In  any  potential  laser  material  relying  on  optical  pumping.  It  Is  necessary  to  consider 
the  power  level  of  the  opticol  pump  needed  to  obtain  laser  action.  Bosically  the 
cpticcl  pump  must  generate  enough  useful  power,  os  o  pulse  or  continuously,  so  ihot 
the  criticol  populotlon  Inversion  is  developed  in  the  laser  material.  In  either  mode  o' 
excitation,  the  power  level  for  o  three-state  laser  is  in  port  determined  by  the  observed 
phosphorescence  lifetime  and  the  quantum  efficiency.  Given  two  Eu'^  systems  which  are 
energtticolly  identical,  the  one  with  o  longer  observed  phosphorescence  lifetime  and 
a  higher  quantum  efficiency  will  hove  a  lower  power  threshold  for  laser  action. 
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Even  though  the  Eo^^  phosphorescence  can  be  schematically  represented  as  a  four  level 
laser,  the  room  temperature  populations  of  and  ore  sufficient!^  '<!yF.  sc  that  th» 
threshold  power  requirements  are  essentially  those  of  a  three  level  laser. 

The  observed  lifetime  T  of  an  excited  state  can  be  defined  by  the  following  expression; 


(5-1) 


where  t^  and  t^  are  the  radiative  ond  non-radiat ive  lifetimes,  respectively.  The  radiative 
lifetime  of  a  transition  can  be  quite  long  if  the  spontoneous  transition  rrobobility  is  low, 
as  in  the  case  with  rare-earth  phosphorescence.  It  is  seen  that  the  observed  lifetime  is 
0  harmonic  combinariun  uf  the  two  relaxation  mechanisms;  hence,  by  reducing  the  non- 
radiotlve  relaxation  contribution,  the  observed  lifetime  can  be  increased  to  the  limit 
where  it  equals  the  radiative  lifetime.  Such  a  cose  where  the  obsen/ed  lifetime  equals 
the  ladiotive  lifetime  is  sold  to  have  a  rodiotlvc  quontum  efficiency  of  1.0.  (The 
radiative  quantum  efficiency  must  be  distinguished  from  the  overoll  quontum  efficiency, 
which  includes  losses  incurred  before  the  radiating  stote  is  reached.)  Threshold  prswer 
levels  can  be  calculated  by  considering  the  kinetics  of  the  overall  phosphorescence. 


Let  us  start  with  the  4^^  energy  level  ohogiam  for  tu*'  In  Figure  l.'^wrrh  rhe  Indicated 
•^ransitlon  probabilities,  optically-induced  transition  probability  from  the 

ground  stote  ^^Fg)  to  some  metastoble  stote  (NA.)  and  depends  upon  the  obsorption 
coefficient  of  the  transition  Gs  well  os  the  power  level  of  the  pumping  radiation. 

The  excitation  rote  or  the  number  of  atoms  excited  Into  per  second  is  given  by 

The  store  M.  is  repiesentorlve  of  any  one  of  the  several  Intermedlote  states 
which  con  be  produced  by  exciting  with  each  of  the  obsorption  bonds  of  the  Eu^^  complex. 
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The  thermal ly -itiduced  transition  prooubilities  v.-  "'on.  ^n,.  correspond  to 

the  transitions  processes  which  relax  the 

^Dq  states  are  the  radiative  phosphorescence  transitions  ^  ^^0  ~ 

and  all  the  non-radiotlve  processes  are  collectively  represented  by  t'  a  t' 

observed  lifetime  T  of  the  emit  ng  level  is  given  by: 
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The  overall  quontum  efficiency  of  o  phosphoreicent  material  is  defined  os  the  number 
of  quanta  emitted  per  quantum  absorbed.  This  term  serves  to  monitor  the  non-tudlotive 
relaxation  of  M.  to  the  emitting  state  and  the  subsequent  rodiotive  transition  to  the 
ground  state  (see  Figure  16). 

The  M.  relaxation  mechanism  can  be  bioxen  up  into  three  processes;  (1)  the  non-radiative 


reloxation  M.  - ^  (2)  the  radiative  relaxation  ^D_ 

I  0  U 


or  ^F^,  (3)  the 


non-radiative  relaxation 
state  is  then; 


^Fq.  The  overall  quantum  efficiency  of  the 


r  41 


where  n'  is  the  number  of  states  generated  per  M.  state,  is  the  radiative  transi¬ 
tion  probability  for  ^Dq - ^  ^F^  and  ^F2  ond  is  the  non-rodiat ivc  transition  probability 

for’D^ - ^  ^F„  . 


Or  in  terms  of  the  relaxation  times 


t'  =  n'  (^-4-f-) 

r  n 


whf*r»«  t  =  nnn-radiative  lifetime 
n 


t  =  tudiativc  lifetime  of  ^D. 


(The  radiative  quontun  efficiency  is  given  by  n/n'). 
It  is  seen  from  Figure  17  that; 


51  54 
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From  the  obove  analyiii,  the  overall  quontom  efficiency  is  determined  by  two  processes: 
the  non -radiot i ve  relaxation  M.  - ^  '^F  ond  the  non-rodiative  relaxation  of 

I  0  0 

For  an  efficient  phosphorescence  system  we  would  want  to  minimize  both.  The  chemical 
environment  about  the  emitting  ion  is  intimately  involved  in  each  of  these  factors.  Botli 
of  these  processes  ore  considered  to  be  related  to  the  vibrational  degrees  of  freedom  of 
the  ligand  field  in  the  immediate  vicinity  of  the  emitting  ion.  It  is  thought  that  the 
non-radiotive  relaxation  mechanism  proceeds  through  a  coupling  of  the  phosphorescent 
electronic  energy  levels  with  overtones  of  the  vibratlonol  degrees  of  freedom  of 
neighboring  bonds.  The  probability  for  non-rodiative  relaxation  decreases  as  the  quantum 
number  of  the  overtone  Increases.  The  quanturri  efficiency  of  the  Eu"*^^  phosphorescence 
can  then  be  increased  by  coordinating  the  rare  earth  ion  with  groups  whose  vibrotional 
energy  is  toward  the  long  wavelength  region  of  the  infrared. 

6.  Power  Threshold  Calculation  for  Europium  Systems 

If  we  assume  the  existence  of  a  steady  state,  the  scheme  in  Figure  17  leads  to  the  following 


rate  equat  ions: 


dN, 


5 

dt 

0 

dN 

4 

dt 

"  ^5^4  ■  ^4^'^43  "  *^42  "  ^1 

)  -  0 

diN„ 

0 

dt 

=  N^k^3  H  N2W23  -  N3W32  = 

0 

1. 

dt 

dN^ 

-  .  N3W33  .  - 

■  ^2'-23 

=  ^4^41  ^  N2^^21  -"^1<^15 

"  -12^  = 

5 

and  N 

1 

M 

Z 

(6-1) 


5  3l 
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where  N.  is  the  population  of  the  j - energy  level  and  N  is  t|',e  concentration  of 

I  ^ 

In  oioms/cc.  Frorr  the  quantum  efficiency  meosurement  we  have  shown  tl.ot: 


k  >  k 
54  51 


Without  loss  of  generality  we  can  assume  *haf  oil  the  lost  ■'vclted  si'  res  degiode  via 


k^,  and  that  k_  =  O.  Thenk 
51  41  54 


k^j.  This  is  the  most  unfavorable  case. 


The  transition  of  Interest  for  these  Eu*'^  complexes  is  Therefore,  it  is 

necessary  to  calculate  at  what  excitation  rate  (N^W^^)  will  be  greater  thon  to 
such  an  extent  as  to  sustain  laser  action  In  a  cavity  of  known  dimensions.  Solving  the 

N 

obove  series  of  equations  for  the  steady -stote  ratio  of  ^  we  get; 

~n7 


(6  ubsolute  temperul  ure) 

where  k'  is  given  by  Equation  (5-2)  and  gj  and  g^  ore  the  degeneracies  of  the  ^F^  and 
^F2  energy  levels,  respectively.  In  deriving  Equotlon  (6-2),  we  have  recognised  that  k' 
is  primarily  radiative  and  that  the  thermally-induced  transition  probabilities  w..  are 
mijrh  nreotef  than  As  G  result,  the  transition  probability  ratios  foi  P  siotes  will 

approoch  the  equllibriurn  distribution  ratios,  which  ore  given  by  the  exponentiol  and 
the  multiplicity  ratio  in  Equation  (6-2).  Rewriting  Equation  (6-2)  so  that  the  two  levels 
are  equally  populated,  vve  get: 


T  ~  L-(E3-E,)"k0  ] 


By  multiplying  both  sides  of  Equation  (8-3)  by  we  get: 


1 

-1-(N  W  T)  -  — i-i- 
2  1  15  9, 


exp  L-(E_-E  )/k9  ] 
J  P 
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The  riglit  sicJe  is  N^,  the  steady  state  population  oT  liie  stote,  so  that; 


^15^1  — 


This  equation  sp;ves  to  contrast  three-and  four-level  lasers.  If  is  sufficiently  above 

E  j,  soy  (E^'E^)  >  8k0  ,  then  levels  4  and  3  are  equally  populated  before  ony  pumping, 

i.e.  both  N  and  N_  are  effectively  zero.  HovA/evei,  if  N.,  is  not  initiolly  zero,  as  in 
4  o  'j 

the  case  of  Eu*^  (E^'E^  ^  SkS),  a  modified  three-level  loser  results,  for  which  an 
initial  amount  o'  pump  flux,  given  by  Equation  (6-5),  is  first  required  to  equalize  the 
population  of  the  and  ^F^  states. 

For  a  typical  case,  take  an  0.02  M  solution  of  EuCI^  •  3HMPA  in  HMPA  with  a  measured 
lifetime  of  ~  1  msec;  the  excitation  rate  per  cc  of  solution  for  equalization  is  5.60  x  10^° 
atoms  'sec  at  a  portici  lor  absorption  bond.  In  ihis  calculation  we  have  taken  the  initial 
populations  of  *he  ^Fq  ond  sfotes  as  approximating  the  steady  stote  values  of  and 
N^.  However,  in  order  to  obtain  loser  action  a  certain  criticol  excess  of  population  in 
the  upper  state  ^ developed.  According  to  loser  tlieory  the  c.itical 
inversion  (N^-N^)  thet  Is  required  to  sustain  laser  action  in  the  cavity  of  certain  length 
is  given  by; 

‘tv  '  1/  '  AV  T  , 

(N.-N-s)  ^ - 

4  3c  -r 

c"  ,  t 

c 


where 


fluorescence  line  frequency 


^1/  line  width 
t  “  radiative  lifetime 

t^  ■  cavity  lifetime  (related  to  oil  the  cavity  loss  mechanisms) 
c  ■  velocity  of  light  In  the  medium. 

Upon  substitution  into  Equation  (6-6)  a  value  of  7.6  x  10*^  atoms  cc  Is  obtained  for  the 
critical  inversion  so  that  the  steady  state  excitation  rate  per  cc  of  solution  is  2.08  x  10^' 
atoms  ^sec. 
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In  this  calculation  we  have  used  the  emission  line  at  619  nm  with  a  line  width  of 
20  ^  os  the  laser  wavelength  and  assumed  that  the  loss  pei  pass  in  a  covity  of  lertgth 
5  cm  is  10^  . 

The  pump  po  ver  level  at  the  excitation  wavelengths  necessary  to  excite  2.08  x  10^' 
atom$/sec-cc  depends  upon  the  absorption  spectrum  of  the  Eu*^^  complex.  The  oErsorption 
spectrum  of  the  Eu^^  complexes  between  350  nm  to  600  nm  reveals  several  obsorption 
bands  including  two  moderate  ones  at  395  nm  and  465  nm  with  extinction  coefficients 
of  about  1.5  and  1.0,  respectively.  Since  the  absorption  at  395  nm  and  465  nm  is 
relatively  small, a  calculation  of  the  pump  power  level  based  on  one  pass  through  the 
laser  material  i;  wasteful.  However,  if  the  covity  is  constructed  so  that  on  unlimited 
number  of  efficient  passes  is  possible,  effectively  all  of  the  pump  radiation  at  the 
absorption  Exsnd  can  be  absorbed.  This  mode  of  excitation  is  odvantageous  since  it 
affords  a  homogeneous  excitation  throughout  the  laser  medium,  therefore,  if  the  output 
of  the  optical  pump  is  P'^  (X)  quonta  per  sec  per  unit  wavelength,  or  where 

F'(a)  is  the  pumpii.g  pows..  1.  ..'Otts  pei  "nit  wavelength,  ond  considering  only  the 
395  nm  and  465  nm  absorption  brands,  the  following  equation  established  the  pumping 
level; 


^[P. 

h  I 


jdX  -  N,W,,. 


(6-7) 


where  AX  ~  the  line  width  (AX^  -  AX^). 

The  indices  (1)  and  (2)  refer  to  the  two  aiosorption  bands  ot  which  excitation  occurs. 
Assuming  *^hat  the  power  level  Is  constant  over  the  wavelength  range  of  interest,  and 
using  the  measured  line  width  of  50  A  for  eoch  absorption  bond.  Equation  (6-7)  yields; 


P'  6.30  wat*-  per  cc  per  Angstrom  intervol 
of  the  lamp  o  put  spectrum. 
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TABLt  10 

Relofive  Phosphorejcent  Intenjities  of  Terbium  Lines* 


Complex 

5  7 

^  r**v»  \ 

\V^4.x//  in../ 

/^Q7 

y-  tKJt  1  Itit  f 

f  C  X  o  _ \ 

VU**u  mil; 

.  b-N-DMSO 

0.25 

2.06 

1  K-r 

1  . 

0.27 

1.60 

0.18 

1.34 

0.23  Ave. 

.67  Ave 

Tb-CI  -DMSO 

0.25 

1.98 

Tb-N-DMAC 

0.019 

0.19 

2.22 

0.16 

2.16 

0.14 

2.05 

0.13 

1.27 

0.02 

0.15  Ave. 

1  .y3  Ave. 

Tb-CI-DAAAC 

0.13 

2.16 

T  b-N  -OMF 

0.18 

2.24 

0.17 

2.00 

0.18 

1.99 

0.18  Ave . 

2.08  Ave. 

Tb-CI -DMF 

0.012 

0.18 

2.70 

Th-M-TEP 

0.007 

O.ld 

n 

0.15 

2.18 

0.16 

2.12 

0.15 

1.90 

0.01 

0.16  Ave. 

Ave. 

Tl  -Isl-TRP 

0.17 

2.16 

0.15 

1.93 

0. l6  Ave. 

2.05  Ave. 

Tb-N-H„0 

0.22 

1.49 

0.20 

1.41 

0.28 

1.63 

0.23 

1.63 

OTTTAve. 

1 .4.5  Ave. 

•k 


The  intensir/  of  the 


line  (487  nm)  is  taken  os /unity;  it  is  tl.erefore  not  listed 
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7.  Phosphorescent  Intensities  and  Lifetimes  of  Tb  '^Complexes 

A  number  of  phophorescent  spectra  of  terbium  complexes  hove  been  taken.  Table  10  shows 
the  uncorrected  relotive  intensities  t  the  lines  at  487,  548,  587  and  o25  nm.  The  peaks 
areas  (f  "ight  x  full  width  at  half  height)  art  normalized  on  tl  a  407  nm  line.  The 

■*  (625  nm)  line  is  quite  weak,  and  the  few  values  given  were  obtained  from  spectra 

run  ot  greater  sensitivity  in  which  only  the  625  nm  and  586  nm  lines  were  measured.  These 
should  be  considered  as  "order  of  magnitude"  values. 

The  lifetimes  of  several  Tb^^  complexes  were  measured  and  ore  listed  in  Table  1 1 .  Also 
listed  are  the  coordinoting  groups  with  their  respective  fundamental  stretching  frequencies. 

TABLE  11 

Lifetimes  of  Vorious  Tb^^  Complexes 

Lifetime  Stretcliing  frequency  of 

Complex  (Milliseconds)  coordinating  group  fcrr"') 


1  uimfci!  yl  Sulfoxide 

2  40  +  0  ■>n 

1030 

Tb(N02)2  triethyl  phosphate 

2.45±  0.18 

1200 

Tb(N02)2  ■r'  tri-n-butyl  phosphate 

2.25  ±  0.35 

1200 

Tb(NO^)2  ift  dimethyl  formamide 

1.58i  0.06 

1600 

Tb(N02)2  dimethyl  acetamide 

1 .62  i  0.06 

1600 

Tb(DBP)„  (solid)  (DBP  -  (C  H  0)„P0, 

0  4  9  z  z 

9.09  ±  0.63 

1200 

Unlike  Eu^,  we  con  excite,  with  a  high  degree  of  efficiency,  directly  into  liit  cM.IIIing 
level  of  Tb"^  from  the  ground  state.  Tl.is  offotds  o  i  opportunity  to  determine  the 
absolute  non-radiative  efficiency  TJ  and  directly  compare  the  quontum  yields  at 
different  excitation  wavelengths. 
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The  fluorescenc*  is  due  primorily  to  transitions  from  the  ■'D^  excited  state  to 

several  of  the  ground  multiplets  as  indicoted  in  Figure  18.  The  lifetime  is  then; 

I 


X 


T 


5  V 


■  th 


where  k.  is  the  appropriate  rate  constant  foi  the  traisition  to  the  i  terminal  state 
and  k.Q  is  the  non-radiative  relaxation  rate  constant. 

The  non-radiative  considered  to  be  the  principal  mechonism 

for  energy  dissipation  of  the  excited  state.  The  energy  difference  between  the 

^D.  and  ^F_  states  is  14  400  cm"*  so  ihot  we  can  expect  the  non-radiative  relaxation 
4  0 

rate  constant  kg  to  be  comparable  to  energy  intervol  12,000  cm  ') 

of  Eu'*^.  Based  on  o  calculation  of  k  from  the  o.jsorption  coefficient  of  the  ^F. — ^  ^D, 
transition,  it  has  been  found  that  the  radiotive  rate  constants  for  the  Th^^ 

phosphorescence  ore  comparable  to  k^  (^Dg - ^  ^F^  transition)  of  Eu^^.  This  meons 

that  the  radiative  lifetime  of  a  Tb'*'^  complex  will  generally  be  longer  than  that  of  the 
corresponding  Eu"^  complex.  T^tls  Is  due  to  the  presence  In  the  Eu"^  phosphorescence 

of  the  ^Dg - >  ^^2  fransition  whose  radiative  lifetime  is  usually  much  less  than 

that  of  *Dg  — .  The  longer  radiative  lifetime  of  the  Tb"^^  phosphorescence 
should  result  in  a  lower  radiative  efficiency  than  that  of  the  corresponding  Eu''^  complex 

The  absorption  date  for  the  ^F^ - ^^^4  preliminary,  but  they 

indicate  that  does  not  vary  more  than  20  ^  in  eoch  of  the  soluble  complexes 
listed  In  Table  10.  Since  we  have  previously  found  that  the  relative  intensity 
distribution  of  the  Tb"^  emission  bonds  Is  nearly  the  same  for  each  complex,  we 
conclude  that  rhe  rate  constants  kg,  k^  and  k^  are  also  invorir  nt.  Therefore,  we  have 


k_  -•  k  +  k„  -  k  : 
0  4  s3 


const. 


and  the  lifetime  bee  jmes 
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Tiiii  iiidicuioi  tlioi  trie  Tb*'  lifetime  sfx>uid  only  be  affected  by  changes  in  the  non- 
radiative  reluxotion  rote  constant  k^.  Therefore,  fore  given  vibrational  environment. 


the  lifet  ime  is  expected  to  be  constant. 


T he  I ifet imes  listed  in  Table  10  I'ear  out  this  point .  It  is  seen  that  for  a  particular 
vibrational  environment  the  observed  lifetime  is  essentially  constant.  The  short  lifetime 
of  the  DMF  and  DMAC  complexes  is  due  to  the  relatively  'ligh  C"0  stretching  frequency 
which  contributes  more  effectively  to  tiie  non-radiotivt  relaxotion.  The  long  lifetime 
of  the  TbfDBP)^  is  presumably  due  to  the  elimination  cf  the  NO^  ~  'on  from  the  ligand 
environment.  If  the  NO^’  ion  does  contribute  significont ly  to  the  non-rodiotive 
relaxation  os  indicated,  then  the  ThCL  complexes  should  have  longer  lifetimes  than 

v.' 

those  listed  in  Table  10.  The  lifetimes  of  the  TbCI^  complexes  should  be  determined  and 
compared  to  their  NO.^  'on  analogues. 

If  we  consider  the  implications  of  these  doto  for  a  potential  terbium  liquid  laser,  we  can 
draw  the  following  tentative  conclusions: 

1.  The  most  promising  loser  transition  is  ^  which  is  the  most 

intense  In  all  cases.  The  terminal  stote  is  atsout  2300  cm"'  obove  ground 
level  so  that  this  con  be  a  four-state  loser  to  good  approximation. 

2.  The  most  promising  complex  would  be  one  which  combines  high  relative 
Intensity  of  this  line  with  I  ing  fluorescent  lifetime  (mlnimol  non- 
radiutive  ielaxailofi).  TTie  pliospl'ure  ond  amide  complexes  are  superior 
in  the  first  particular,  the  phosphate  and  sulfoxide  complexes  in  the 
second.  It  therefore  appears  that  for  terbium,  os  for  europium,  the 
alkyl  phosphate  complexes  are  most  promising  for  laser  applicctlons. 
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8.  Phosphorescence  of  Complexes  of  Samarium(lll)  and  Dysprosium  (III)  with  Ttiethyl  Phosphate 

The  phosphorescence  of  and  Dy^^  was  measured  in  H„0  ond  in  TEP.  We  found  that 
the  phosphorescence  of  both  ions  is  significantly  enhanced  in  TEP.  The  phosphorescence 
of  DyCI^  in  both  H2O  and  TEP  is  one  line  ot  about  580  nm  so  that  the  reduction  of  the 
non-radiative  transfer  cannot  be  separated  from  any  chonge  of  the  radiotive  rote  constant 
by  the  comparison  of  line  intensity  ratios.  However,  the  Sm'"^  emission  is  composed  of 
three  lines  at  about  560,  592  and  650  nm  which  all  origlnote  from  the  some  level.  The 
TEP  emission  indicates  that  a  radiative  enhancement  of  the  560  nm  ond  650  nm  bands 
relative  to  the  592  nm  has  occurred,  as  well  as  a  decrease  of  the  non-radiative  relaxation 
rate.  These  results  are  still  preliminary  and  further  work  should  be  undertaken  in  this 
area. 
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111.  RECOMMENDAT.ONS 

A  variety  of  systems.  Including  the  solution  ot  mre-eorth  salts  in  organic  and  inorganic 
solvent  media,have  already  been  examined  on  this  program.  Many  important  properties 
including  phosphorescent  intensities  and  phosphorescent  lifetimes  have  been  meosured. 

Other  equally  significant  properties  such  as  solubilities,  stabilities  and  viscosities  have 
also  been  noted.  From  these  studies,  severol  interesting  concepts  relatirig  chemical  structure 
and  composition  to  phosptiorescent  properties  have  been  advanced  and  severol  systems 
selected  for  more  intensive  investigations.  As  a  direct  result  of  this  work,  a  very  highly 
promising  liquid  laser  system,  neodymium  oxide  dissolved  in  a  mixture  of  phosphorus 
oxychloride  and  tin  tetrachloride,  has  been  developed.  Although  several  other  liquid 
systems  have  been  developed  by  others  while  this  progrom  was  in  progress,  none  appear 
as  promising  as  the  POCI^'SnCI^  system.  This  advoncement  in  the  state-of-the-art  wos 
a  direct  result  of  the  work  in  liquid  porameters.  Considerable  more  work  remains  to  be 
dons  to  rrore  completely  characterize  these  parameters  and  to  develop  the  Nd(lll)  - 
POCl^-SnCI^  system  to  Its  full  potential. 
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APPENDIX 

DETERMINATION  O'-'  NEODYMIUM  CONCENTRATION  IN  LASING  SOLUTIONS 


The  concentration  of  Nd"*^  in  losing  solutions  wos  determined  by  a  combination  hydrolytic- 
spectrometrlc  technique.  Standard  solutions  of  Nd'*'^  were  prepared  in  the  following 
manner.  A  weighed  quantity  of  neodymium  oxide  wos  dissolved  in  5  ml  of  50 hydrochloric 
acid.  Phosphoius  oxychloride  (1  ml)  and  tin  tetrachloride  (0.2  ml)  were  carefully  added 
to  this  solution  and  the  volume  odjusted  to  50  ml  with  50 hydrochloric  acid.  The  visible 
absorption  spectra  of  these  solutions  were  obtained  on  o  Beckman  DK-2A  Spectrophotometer 
in  1  cm  diameter  cells.  The  percent  absorption  of  the  Nd'*'^  band  at  570  nm  was  plotted 
against  concentra; 'on  of  Nd"*^  in  solution.  A  Becr-Lambert  relationship  wos  followed  in 
the  range  5.0  x  10”^  to  2.0  x  10"^  moles  Nd"'^  per  liter.  Data  for  this  concentration  range 
is  listed  below. 


[Nd"- 

3  1 

J 

Percent  Absorption 

5.0  X 

lO-’ 

7 

6.8  X 

10-^ 

9 

1.0  X 

10-^ 

13 

2.0  X 

10-^ 

24 

Samples  of  lasing  solutions  were  prepared  for  analysis  by  taking  1  mi  of  the  solution  and 
carefully  hydrclycjna  vrith  50^  hydrochloric  ocid  to  a  volume  of  50  m'  Tt.® 
absorption  of  the  band  at  570  nm  was  meosured,  ond  the  concentration  of  Nd"*"^  determined 
from  the  plot  of  percent  absorption  ve'sus  known  concentration.  The  concentration  of 
Nd"*^^  in  the  1  asing  solution  was  then  colculated  in  the  normal  manner. 
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This  program  was  designed  to  study  the  influence  of  chemicol  and  physicol  environmental 
factors  upon  the  intensity,  efficiency,  and  lifetime  of  rare  earth  phosphorescence  In 
liquid  systems.  The  objective  of  this  program  was  the  development  of  criterio  for  the 
selection  of  optimum  coordinating  ligands,  counter  ions  ond  solvents  for  rare  earths  so 
that  useful  and  efficient  high  power  solution  lasers  could  be  developed.  A  large  number 
of  rare  eorth  coordination  compounds  were  synthesized  and  studied  both  in  the  solid  state 
and  in  solution.  A  considerable  amount  of  useful  information  wos  compiled  for  systems  in 
which  losing  could  be  accomplished  through  direct  optica!  excitation  of  the  rare  earth. 

It  was  concluded  that  light  au  ms  such  as  hydrogen  ond  deute^  um  which  would  contribute 
to  higft-energy  vibrationol  frequencies  must  be  removed  from  the  immediate  ligand  field 
surrounding  the  rare  earth  Ion.  Vibrationol  frequencies  in  the  ligond  or  craordinating 
solvent  should  closely  match  the  energy  gaps  between  the  initially  excited  optically 
pumped  level  ond  the  emitting  level  in  order  to  efficiently  populate  that  level  by  a 
cascade  process.  These  sarrre  vibrational  frequencies,  however,  must  be  sufficiently 
different  from  the  frequency  of  lasing  rodiotion  sd  os  not  to  promote  non-radiotive 
transitions  from  the  emitting  level.  Of  the  several  orgonic  ond  inorganic  solvetits  that 
were  investigated,  those  in  which  a  phosphorus -oxygen  linkage  was  coordinated  to  the 
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(continued) 

rare  eotlli  appeared  most  promising.  As  a  direct  result  of  tliis  work,  o  very  highly 
promising  liquid  loser  system,  neodymium  orride  dissolved  in  o  mi>ture  of  phosphorus 
oxych.loride  arid  tiri  tetrachloride,  has  been  developed.  The  solution  is  quite  sfoble  in 
o  closed  system  and  does  not  exhibit  any  visual  decomposition  phenomenon  when  sub|ecl  - 
ed  to  the  excitation  of  a  Xenon  flash  lomp.  The  neodymium-phosphorus  oxychloride- 
tin  tetrachloride  Icstrr  is  one  of  the  n.ost  promising  liquid  losers  yet  developed  and,  when 
optimized,  coulcj  lead  to  on  efficient,  hiyli  pu».ci,  cunt  mucus  system. 
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